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 RESUMO 
Tese de doutorado 
Marcos Alberto Rodrigues Vasconcelos 
A Bacia sedimentar do Parnaíba abriga em seus domínios diversas estruturas circulares, das quais algumas 
têm sua origem atribuída a impactos meteoríticos sem que, no entanto, haja evidências comprobatórias. 
Esta tese aborda um estudo das assinaturas geofísicas das estruturas de São Miguel do Tapuio (SMT), 
Santa Marta (SM), Riachão (Ria) e Serra da Cangalha (SdC) utilizando dados aerogeofísicos de baixa 
resolução com o intuito de compará-las com outras crateras meteoríticas similares. Aborda também 
estudos geofísicos, utilizando dados aéreos de alta resolução e terrestres das estruturas de SdC e Ria, além 
de estudos geológicos de detalhe da estrutura de SdC, duas feições circulares com diâmetros de ~13 km 
(SdC) e ~4 km (Ria) localizadas nos estados de Tocantins e Maranhão, respectivamente. Os resultados 
fornecidos pelos métodos geofísicos mostram que a estrutura de SMT exibe alto magnético e assinatura 
gravimétrica variável, características estas não compatíveis com o padrão de estruturas de impacto 
similares; SM apresenta anomalia magnética negativa e gravimétrica positiva, características compatíveis 
com origem por impacto; Ria exibe altos magnético e gravimétrico na região central, e anomalia 
gamaespectrométrica circular com abundância de K, Th e U em sua porção central. Apesar da assinatura 
gravimétrica de Ria não ser claramente diagnóstica, a assinatura magnética é semelhante às de crateras de 
impacto similares. A estrutura de SdC apresenta anomalia gravimétrica da ordem de 1 mGal e dados 
aeromagnéticos mostram que o embasamento está a uma profundidade média de ~1,9 km, diminuindo 
para cerca de 500 a 1000 metros em sua porção central. Dados gamaespectrométricos revelam altos 
valores de K, Th e U no núcleo soerguido e alto Th e U na região externa próximo ao limite da cratera. Do 
ponto de vista morfo-estrutural SdC é constituída por núcleo soerguido que tem ~5,8 km de diâmetro e 
que possui em seu interior proeminente colar com ~3 km de diâmetro. Dados estruturais de campo, 
associados com análises de imagens de sensoriamento remoto, revelam WNW-ESE como a principal 
direção de deformação além de camadas invertidas preferencialmente concentradas no setor noroeste do 
colar, o que sugere um impacto oblíquo de sul para norte. Feições de deformação por choque incluem 
shatter cones, feather features (FF), planar fractures (PF) e planar deformation features (PDF) formadas 
ao longo da direção (0001), indicando pressão de choque <10 GPa. Esse conjunto de feições foi 
encontrado principalmente nas brechas polimíticas e shatter cones da depressão central e comprova a 
origem por impacto meteorítico da estrutura de SdC. Finalmente, resultados obtidos pela modelagem 
numérica da formação de SdC indicam que ela foi formada por um bólido com diâmetro de 1,4 km, 
viajando a 12 km/s, resultando na formação de uma cratera com ~15 km de diâmetro que liberou energia 
da ordem de 2,74x10
20
 J, considerando um nível atual de erosão de aproximadamente 500 metros.  
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Geophysical study of four possible impact structures in the Parnaíba 
Basin and geological/geophysical detail of the Serra da Cangalha 
structure/TO. 
 ABSTRACT 
Tese de Doutorado/ Ph.D. Thesis 
Marcos Alberto R. Vasconcelos 
The sedimentary Parnaíba basin encompasses in its domains several circular structures, some of which 
have their origin attributed to meteoritic impacts without, however, diagnostic evidence. This thesis 
presents a study of the geophysical signatures of the São Miguel do Tapuio (SMT), Santa Marta (SM), 
Riachão (Ria) and Serra da Cangalha (SdC) structures using low-resolution geophysical data, in order to 
compare them with other similar meteorite impact structures. It also employs high-resolution 
aerogeophysical and ground geophysical data for the SdC and Ria structures, and detailed geological data 
from SdC. These are two circular features ~13 km (SdC) and ~4 km (Ria) in diameter, and which are 
located in the state of Tocantins and Maranhão, respectively. The results provided by geophysical methods 
show that SMT exhibits a high gravity and variable magnetic signature, which are not compatible with the 
patterns of similar sized impact structures; SM has a negative magnetic anomaly and positive gravity 
anomaly, which is compatible with other impact structures; Ria exhibits high magnetic and gravity in the 
central region, and a circular gamma-ray anomaly with high levels of K, Th and U in the center. Despite 
the fact that the gravity signature of Ria is not clearly comparable with that of other impact craters, the 
magnetic signature is similar to that of other craters. SdC shows a gravity anomaly of ~1 mGal and there 
is magnetic evidence that the basement rocks sit at ~1.9 km depth, decreasing to about 500 to 1000 meters 
depth in the central region of the structure. Gamma-ray data show high values of K, Th and U over the 
central uplift and high Th and U in the region near the outermost limit of the crater. Morpho-structural 
analysis indicates that SdC contains a central uplift ~ 5.8 km in diameter with a prominent collar ~ 3 km 
wide in its inner zone. Structural data associated with remote sensing images show WNW-ESE as the 
main direction of deformation as well as overturned layers preferentially concentrated in the northwestern 
sector of the collar, which suggest an oblique impact from south to north. Shock deformation features 
include shatter cones, feather features (FF), planar fractures (PF), and planar deformation features (PDF) 
formed along (0001), indicating the shock pressure experienced by the rocks of the central uplift to have 
been <10 GPa. These features have been found in polymict breccias and shatter coned samples from the 
central depression and provide definite evidence that SdC was formed by meteorite impact. Finally, 
numerical modeling indicates that a meteorite some 1.4 km in diameter and impacting at a velocity of 12 
km/s could have formed the originally ~15 km diameter crater, releasing energy of 2.74x10
20
 J, assuming 
a current erosion level of approximately 500 meters. 
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ZUSAMMENFASSUNG 
Marcos Alberto R. Vasconcelos 
Das sedimentäre Becken von Parnaíba umfasst einige kreisförmige Strukturen, von denen angenommen 
wurde, dass sie ihren Ursprung in Impaktereignissen haben, ohne dass es jedoch diagnostische Beweise 
dafür gibt. Diese Dissertation umfasst eine Studie der geophysikalischen Signaturen der São Miguel do 
Tapuio (SMT), Santa Marta (SM), Riachão (RiA) und Serra da Cangalha (SdC) Strukturen mit 
geophysikalischen Daten niedriger Auflösung, um sie mit anderen ähnlichen Meteoritenkratern zu 
vergleichen. Behandelt werden zudem geophysikalische Studien mit aerogeophysikalischen und vor Ort 
aquirierten geophysikalischen Daten hoher Auflösung für die SdC und Ria Strukturen, und detaillierte 
geologische Daten von SdC. Diese beiden Strukturen sind kreisförmig und haben ~13 km (SdC) und ~4 
km (Ria) Durchmesser. Sie liegen in den Bundesstaaten Tocantins bzw. Maranhão. Die aus den  
geophysikalischen Methoden gewonnenen Ergebnisse zeigen, dass die SMT Struktur eine hohe 
magnetische und variable gravimetrische Signatur aufweist, die nicht kompatibel mit dem Muster ähnlich 
grosser Impaktstrukturen ist. SM zeigt eine negative magnetische Anomalie und eine positive 
gravimetrische Anomalie, die kompatibel mit den Eigenschaften anderer bestätigter Impaktstrukturen 
sind. Ria zeigt eine starke magnetische und gravimetrische Signatur im inneren Bereich, und eine 
kreisförmige Gamma-Anomalie mit hohen K, Th, U in der Mitte. Obwohl die gravimetrische Signatur des 
Ria nicht klar diagnostisch für Impakt ist, ist die magnetische Signatur anderen Impaktkratern 
vergleichbarer Grösse ähnlich. SdC zeigt eine gravimetrische Anomalie von etwa 1 mGal, und die 
aeromagnetische Daten zeigen, dass das magnetische Grundgebirge im äusseren bereich der Struktur und 
in ihrer Umgebung bei ~1,9 km Tiefe liegt, wobei die Tiefe im Mittelbereich auf etwa 500 bis 1000 Meter 
abnimmt.  Gamma-Ray-Daten zeigen hohe Werte von K, Th, und U im Zentralberg und hohe Th und U 
Gehalte in der Nähe der äußeren Grenze des Kraters. Die Morpho-Strukturanalyse zeigt, dass SdC einen 
angehobenen Zentralberg von ~5,8 km Durchmesser hat, mit einem prominenten, herausgewitterten 
Kragen von ~3 km Breite. Strukturelle Geländedaten, die mit Analysen von Fernerkundungsdatenbildern 
assoziiert wurden, zeigen WNW-ESE als die Hauptrichtung der Verformung, sowie überkippte Schichten, 
die vor allem im nordwestlichen Bereich des Kragens konzentriert sind. Dies deutet auf einen schrägen 
Impakt von Süden nach Norden hin. Stosswellendeformation umfasst Strahlenkegel (shatter cones), und 
Federbrüche (feather features, FF), planare Brüche (planar fractures, PF) und planare 
Deformationsstrukturen (planar deformation features, PDF) in Quarz, parallel zu (0001), was auf 
Stosswellendruck <10 GPa hinweist. Diese Deformationseffekte wurden vor allem in den polymikten 
Brekzie und in den Strahlenkegeln aus der zentralen Depression gefunden. Sie beinhalten diagnostische 
Belege, dass SdC durch Meteoriteneinschlag entstanden ist. Abschliessend wurden numerische Modelle 
für SdC berechnet, die darauf hinweisen, dass diese Struktur von einem 1,4 km grossen Asteroiden 
gebildet wurde, der mit einer Geschwindigkeit von 12 km/s einen Krater von ~ 15 km Krater (unter 
Berücksichtigung des Erosionsverlust seit dem Impakt von etwa 500 Metern) gebildet hat, wodurch etwa 
2,74x10
20
 J  Energie freigesetzt wurden.  
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CAPÍTULO I 
Introdução 
1. ABORDAGEM DO PROBLEMA 
A Bacia sedimentar do Parnaíba é uma bacia intracratônica de idade Paleozóica situada na 
região nordeste ocidental do território brasileiro. Ocupa uma área acima de 600.000 km
2
, 
abrangendo os estados do Piauí, Maranhão, Tocantins, Pará, Ceará e Bahia (Góes e Feijó, 1994). 
A bacia abriga em sua extensão dezenas de estruturas circulares com diâmetros variados, algumas 
delas com características que se assemelham às de crateras produzidas por impacto meteorítico. 
Algumas se encontram em avançado estágio erosivo, ao passo que outras se apresentam 
relativamente mais preservadas. Dentre estas estruturas circulares da bacia, as mais notáveis e 
conhecidas são São Miguel do Tapuio (SMTP), Santa Marta (SM), Riachão (Ria) e Serra da 
Cangalha (SdC). 
A estrutura de SMTP já foi alvo de alguns estudos geológicos relizados com objetivo de 
desvendar sua origem, enquanto SM carece de estudos básicos neste sentido. A estrutura de Ria e 
SdC estão listadas desde a década de 80 no Earth Impact Database 
(http://www.passc.net/EarthImpactDatabase/index.html), sem que, no entanto, haja evidência 
comprobatória dessa  origem. McHone (1986) apresenta apenas descrição sucinta de feições 
geomorfológicas e algumas feiçõs de choque encontradas em Ria e SdC. Considerando que o 
nível de detalhe desse trabalho, o único a investigar a questão da origem dessas duas estruturas, 
não fornece os elementos comprobatórios necessários para a determinação segura da origem por 
impacto dessas estruturas, fazia-se necessário um estudo mais detalhado nesse sentido. A 
existência desta lacuna no conhecimento acerca da origem destas estruturas é o que motiva a 
realização deste estudo. 
O escopo deste trabalho envolve abordagem geofísica geral das quatro potenciais 
estruturas de impacto da Bacia do Parnaíba no sentido de comparar suas respectivas assinaturas 
com as de outras estruturas de impacto de diâmetro similar e situados em contextos geológicos 
semelhantes. A comparação dessas assinaturas é o passo inicial para o auxílio na compreensão da 
origem dessas crateras, se formadas ou não por impacto meteorítico, já que se entende que 
crateras meteoríticas podem ser distinguidas de outras estruturas de origem endógena com base 
nas suas características (assinaturas) geofísicas específicas. A assinatura gravimétrica mais 
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comum em crateras de impacto é anomalia negativa circular em sua porção central. A assinatura 
magnética é mais complexa que a gravimétrica devido à sua variação, mas apresenta-se 
geralmente negativa em crateras de impacto (Pilkington e Grieve, 1992).  
Para a estrutura de SdC foi adicionalmente  realizado  estudo geofísico em nível de 
detalhe,  associado a estudo geológico com base em dados extensivos de campo. O estudo 
geofísico visou estabelecer a profundidade da deformação imposta pelo impacto nos estratos 
supracrustais e no embasamento, e como essa deformação é expressa nas rochas supracrustais. 
Esse estudo empregou dados gravimétricos, magnéticos e gamaespectrométricos. Associado a 
este estudo geofísico, modelos numéricos foram gerados a partir das informações geológicas e 
geofísicas obtidas, a fim de obter parâmetros de formação da cratera, tais como diâmetro final da 
cratera, velocidade do bólido, profundidade de escavação, diâmetro da cratera transiente, energia 
total liberada, dentre outros.   
O estudo geológico visou em primeira instância encontrar elementos diagnósticos que 
comprovassem a origem de SdC  como uma estrutura de impacto meteorítico, além de estabelecer 
a distribuição espacial e relações de contato entre as unidades lito-estratigráficas que ocorrem no 
interior da estrutura. Para o cumprimento desta meta, a estrutura de SdC foi mapeada em escala 
1: 50.000 e como resultado um novo mapa geológico proposto é apresentado nos Apêndices 2 e 
3. Apresenta-se nesses mapas a localização de cada ponto visitado em campo, bem como a 
localização das feições macro e microscópicas diagnósticas de impacto encontradas. Para isso 
utilizou-se um total de 72 seções delgadas (descrições petrográficas-ver Apêndice 1). A partir da 
identificação das feições microscópicas diagnósticas de choque é possível inferir o regime de 
pressão a que as rochas-alvo foram submetidas. O mapeamento de SdC, associado à análise de 
imagens de  sensoriamento remoto de alta resolução espacial, visou obter informações acerca do 
azimute e ângulo de  impacto do bólido responsável pela formação de SdC. 
A partir do estabelecimento desses vários parâmetros geológicos e morfo-estruturais de 
SdC, foi também investigada a hipótese de contemporaneidade na formação de SdC e Ria, 
hipótese essa levantada por McHone (1986), segundo a qual as duas estruturas teriam se formado 
em decorrência de um evento de duplo impacto a partir de um mesmo bólido que teria se partido 
ao entrar na atmosfera terrestre. Tal hipótese tinha por base apenas a relativa proximidade entre 
ambas (cerca de 40 km) e o fato de que as unidades lito-estratigráficas expostas em ambas são 
correlacionáveis. 
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2. LOCALIZAÇÃO DA ÁREA DE ESTUDO E VIAS DE ACESSO 
 A localização das quatro estruturas da Bacia do Parnaíba abordadas neste trabalho é 
apresentada na Figura 1.1. A estrutura de impacto de Serra da Cangalha, com centro em 
8º04’S/46º51’W, localiza-se no município de Campos Lindos, extremo nordeste do Estado de 
Tocantins. O acesso terrestre, a partir da cidade de Palmas, distante cerca de 700 km da área de 
estudo, se dá por meio da rodovia TO-010 em direção à cidade de Miracema do Tocantins, num 
percurso de 70 km. Desta localidade, percorre-se 24 km até Miranorte, seguindo pela rodovia 
BR-153 até chegar em Colinas do Tocantins, num trecho de cerca de 170 km. A partir daí, segue-
se por cerca de 130 km pela rodovia TO-335, até o cruzamento com a rodovia TO-010, onde é 
feita a travessia de balsa no Rio Tocantins, chegando em Barra do Ouro. Cerca de 60 km são 
então percorridos até o município de Goiatins, prosseguindo-se até o cruzamento com a rodovia 
TO-226 no sentido de Campos Lindos, onde a estrutura é localizada. 
 
3. CARACTERÍSTICAS GEOLÓGICAS/GEOMORFOLÓGICAS DAS ESTRUTURAS 
DE SÃO MIGUEL DO TAPUIO/PI, SANTA MARTA/PI, RIACHÃO/MA E SERRA DA 
CANGALHA/TO. 
Estrutura de São Miguel do Tapuio 
A estrutura de SMT está localizada na parte leste da Bacia do Parnaíba, com centro em 
5
o37,6’S/41o23,3’W. Tem cerca de 21 km de diâmetro (Figura 1.2) e é circundada por arenitos 
devonianos da Fm. Cabeças. Mostra em seu interior padrões anelares e radiais de drenagem, com 
uma elevação de borda e dois anéis interiores concêntricos. Sua borda está cerca de 120 m acima 
do terreno ao seu redor. O anel central tem aproximadamente 5 km de diâmetro e se eleva até 150 
m em relação ao terreno ao redor. 
SMT tem sido considerada uma possível estrutura de impacto com base em sua 
configuração circular, e devido ao fato de que seu anel central exibe arenitos deformados e 
recristalizados (Crósta, 1987). Indicações de deformação de choque não confirmadas foram 
apresentadas por Castelo-Branco et al. (2004), que teoricamente incluiria até mesmo shatter 
cones. Entretanto, MacDonald et al. (2006) examinaram os arenitos quartzosos e conglomeráticos 
provenientes do interior da estrutura coletados nos estudos anteriores e não encontraram 
evidência conclusiva de deformação por choque. Algumas feições planares (PFs) incipientemente 
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desenvolvidas em quartzo foram encontradas, mas que por si só não constituem feições de 
choque diagnósticas. Martins (2011) analisou arenitos que apresentam planos irregulares de 
fraturas que se assemelham mais a healed fractures que a planos regulares que caracterizam as 
PF’s. Além disso, o autor não encontrou shatter cones ou brechas de impacto. 
 
 
Figura 1.1- Localização das quatro estruturas abordadas na tese dentro dos limites da Bacia sedimentar do Parnaíba: 
Riachão/MA, Santa Marta/ PI, São Miguel do Tapuio/PI e Serra da Cangalha/TO. O relevo topográfico foi gerado a 
partir dos dados SRTM (Shuttle Radar Topography Mission).  
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Figura 1.2- Modelo Digital do Terreno -SRTM- em falsa cor da estrutura de São Miguel do Tapuio/PI. Cores quentes 
estão relacionadas a altitudes mais elevadas, ao passos que cores frias se referem a altitudes mais baixas. 
 
Estrutura de Santa Marta 
A estrutura de SM foi primeiramente denominada “Gilbués” por Master e Heymann 
(2000), devido à sua proximidade da cidade de mesmo nome. No entanto, a estrutura, localizada 
35 km a norte do município de Corrente, é parte da Serra de Santa Marta, nome adotado por 
Crósta (2004) e trabalhos subsequentes. A estrutura apresenta diâmetro aparente de 
aproximadamente 10 km (Figura 1.3), com um anel central com 2,5 km de diâmetro. Foi formada 
em estratos carboníferos das formações Piauí e, provavelmente, Poti, além de estar parcialmente 
coberta por rochas sedimentares mais recentes da Fm. Urucuia, de idade cretácea, que afloram na 
porção noroeste e central da estrutura. O diâmetro total pode, portanto, alcançar 12 km, 
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considerando sua parcial cobertura. A metade leste da estrutura é bem exposta, e exibe pelo 
menos duas feições anelares, além do anel central. Além disso, há uma feição circular da parte 
mais externa que representaria as bordas da estrutura.  
 
Figura 1.3- Imagem ASTER em composição RGB 321 mostrando a configuração da estrutura de Santa Marta/PI. 
 
Não há dados geológicos publicados e/ou geofísicos disponíveis referentes à estrutura de 
Santa Marta, sendo as informações existentes baseadas somente em mapas geológicos em escala 
regional.  
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Estrutura de Riachão 
A estrutura de Ria com centro nas coordenadas 7
o42’S/46o38’W, possui cerca de 3 km de 
diâmetro, sendo a menor dentre as quatro estruturas abordadas neste estudo (Figura 1.4). Exibe 
um formato aparentemente elipsoidal, alongado segundo NW-SE, tendo em seu centro uma 
elevação topográfica. Sua borda circular lembra o formato de uma ferradura, com uma abertura 
na porção noroeste, onde aparentemente apresenta-se mais erodida.  
O relevo fora da estrutura é praticamente plano com baixos gradientes topográficos em 
seu interior, com maior realce para a região de transição entre a borda e a bacia anelar. Trata-se 
de uma estrutura que se encontra aparentemente em avançado estágio erosivo, na qual grande 
parte dos afloramentos está exposta em forma de lajeados. 
McHone (1986) descreveu a estrutura de Riachão como sendo constituída de arenitos da 
Fm. Sambaíba em sua borda e também na porção central, seguida por uma delgada camada de 
folhelhos pertencentes à Fm. Motuca. O seu interior compreenderia arenitos e cherts da Fm. 
Pedra de Fogo. Entretanto, um estudo mais detalhado foi realizado por Maziviero et al. (2012), 
mostrando que o anel elevado da estrutura é constituído por arenitos e brechas sedimentares da 
Fm. Pedra de Fogo. O núcleo soerguido é formado por arenitos finos a médios da Fm. Piauí que 
podem se apresentar dobrados e brechados (Figura 1.4). 
McHone (1986) descreveu a ocorrência de brechas polimíticas relacionadas ao impacto na 
borda da estrutura de Riachão. O mesmo autor relata a existência de outras feições de choque, 
tais como feições de deformação planar (planar deformation features-PDF’s) e abundantes grãos 
de quartzo em clastos ejetados, mostrando extinção ondulante, sem porém apresentar essas 
evidências. O autor atribui possível idade Triássica para a estrutura por meio de relação 
estratigráfica. 
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Figura 1.4- Mapa geológico da estrutura de Riachão/MA (modificado de Maziviero et al. 2012) sobreposto a relevo 
sombreado gerado a partir da imagem ASTER GDEM. 
 
 
Estrutura de Serra da Cangalha  
SdC é considerada uma das maiores estruturas de impacto do Brasil, com 
aproximadamente 12 km de diâmetro (Figura 1.5). Trata-se de uma estrutura do tipo complexa, 
com núcleo central soerguido com 3 km de diâmetro (centro em 8º04’S/46º51’W). A descrição 
geológica mais detalhada de SdC existente previamente é de McHone (1986), segundo o qual, a 
depressão central é formada por folhelhos devonianos da Fm. Longá que  estariam pelo menos 
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400 metros acima de sua posição estratigráfica original. A região anelar do núcleo é composta de 
sedimentos clásticos marinhos mississipianos correspondentes à Fm. Poti, seguida por folhelhos 
clásticos continentais e marinhos pensilvanianos da Fm. Piauí, que compreenderiam toda a região 
da bacia anelar. As bordas da estrutura seriam definidas por platôs de cherts e arenitos siltosos 
permianos, que correspondem à Formação Pedra de Fogo (Figura 1.6). 
 
Figura 1.5- Imagem ASTER RGB 321 da estrutura de Serra da Cangalha/TO mostrando seu limite externo 
delimitado por platôs com média de 30 metros de altitude, bacia anelar marcada por relevo mais rebaixado e seu 
colar na região do núcleo.  
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Esse mesmo autor relata a ausência de brechas ou produtos de fusão na área e interpreta a 
proeminente expressão do núcleo central e da porção rebaixada ao seu redor como resultado de 
erosão diferencial. Por meio de análise de seções estratigráficas MacHone (1986) atribuiu à Serra 
da Cangalha idade pós-pensilvaniana, e possivelmente triássica ou pós-triássica. 
A estrutura de SdC está compreendida na folha topográfica em escala 1:100.000 Serra da 
Cangalha (SC.23-V-A-III), da qual pode-se extrair as seguintes informações topográficas:  
 
Tabela 1.1- Informações topográficas extraídas da folha de Serra da Cangalha. 
Informações Serra da Cangalha (m)  
Máxima altitude 
Mínima altitude 
Máxima altitude da borda 
Mínima altitude da borda 
Máxima altitude do núcleo 
Mínima altitude do núcleo 
Desnível do núcleo 
678 
~300 
483 (SE) 
320 
678 (S) 
320 
358 
 
  
 
Figura 1.6 – Mapa geológico da estrutura de Serra da Cangalha/TO proposto por McHone (1986) com relevo 
sombreado gerado a partir da imagem ASTER-GDEM. 
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4. ABORDAGEM E ESTRUTURA DA TESE 
Este primeiro capítulo consiste em um compêndio contendo as informações mais relevantes 
de cada um dos capítulos seguintes. Esta tese resultou, ao longo do seu desenvolvimento, na 
publicação de 2 (dois) artigos em periódicos internacionais e um capítulo de livro publicado no 
exterior, aos quais se somam outros 3 (três) artigos submetidos a periódicos internacionais. Além 
disso, foram apresentados 11 trabalhos em conferências nacionais/internacionais, totalizando 17 
trabalhos decorrentes deste doutoramento.  
Desta maneira, a tese foi estruturada com base nesses textos, todos em inglês, de forma que 
cada um dos capítulos corresponde a um trabalho publicado ou submetido, salvo os capítulos 1 
(Introdução) e 9 (Conclusões). Os assuntos abordados nos resumos das conferências estão 
contidos nos artigos, exceto o resumo apresentado no capítulo 8. As descrições petrográficas das 
seções delgadas utilizadas neste estudo são apresentadas no Apêndice 1 e o mapa geológico de 
Serra da Cangalha no Apêndice 2 e a localização das seções delgadas descritas é apresentada no 
Apêndice 3. As referências bibliográficas estão listadas ao fim de cada capítulo, seguindo o 
padrão de formatação de cada periódico/evento.  
A tese foi estruturada de maneira que os primeiros artigos apresentados estão relacionados à 
geologia de SdC (capítulos II a IIV), seguidos do capítulo relacionado à geofísica das quatro 
crateras da Bacia do Parnaíba (Capítulo V), e por úlitmo os capítulos relacionados à geofísica de 
alta resolução de SdC e Ria (Capítulos VI a VIII). Desta maneira, os capítulos não estão 
sequenciados em ordem cronológica, o que implica que eventualmente alguns capítulos fazem 
referências a capítulos seguintes. O resumo sucinto de cada artigo é apresentado nos tópicos 
subsequentes 
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Capítulo II- Aspectos geológicos e petrográficos das rochas alvo de Serra da Cangalha. 
 O assunto foi abordado no artigo intitulado “The Serra da Cangalha impact structure, 
Brazil: geological and petrographic complementary aspects of a newly confirmed impact 
structure”, que será submetido ao periódico Journal of South American Earth Sciences. Neste 
artigo foram apresentadas as principais características que diferenciam as rochas de cada 
formação geológica presente no interior da estrutura, que foi dividida em quatro domínios: 
central, bacia anelar, borda e externo. Todas as feições diagnósticas de choque encontradas estão 
concentradas no domínio central. Feições diagnósticas de impacto do tipo PDF foram 
encontradas nos shatter cones (também diagnósticas desse tipo de evento) formadas em rochas da 
depressão central, e em arenito proveniente do furo de sondagem realizado no centro da estrutura, 
além de PFs e FFs nas rochas do colar de SdC e brechas polimíticas. Neste artigo as feições de 
choque são descritas em detalhe.  Também foi observada a presença de cimento ferruginoso 
atípico nas rochas sedimentares correlatas da bacia, provavelmente remobilizado devido ao 
processo de formação da cratera. As feições de choque mostram que as rochas atualmente 
expostas no núcleo de SdC foram submetidas a pressões de ~10GPa.  
 
Capítulo III- Geologia estrutural e formação da estrutura de impacto complexa de Serra da 
Cangalha/TO. 
Os aspectos deformacionais de SdC foram investigados no estudo de geologia estrutural e 
abordados no  artigo intitulado “The complex impact structure of Serra da Cangalha, Tocantins 
State/Brazil” publicado  em julho de 2011 na Meteoritics and Planetary Sciences (MAPS), 
volume 46 (6). Os resultados mostram que SdC apresenta padrão de fraturamento NNE–SSW e 
WNW–ESSE pré-impacto que  foi sobreposto pelos eventos deformacionais decorrentes da 
formação da estrutura. Esse padrão de fraturamento induziu a formação de zonas de fraqueza que 
controlam parcialmente os limites da estrutura. As fraturas em orientação radial não sofreram 
mudanças na orientação durante a deformação dos estratos quando o núcleo soerguido foi 
formado. A assimetria do núcleo central com camadas invertidas preferencialmente concentradas 
no setor oeste sugere impacto oblíquo proveniente da direção sul.  
 13 
 
Capítulo IV- Análise morfológica das estruturas de impacto de Serra da Cangalha e 
Riachão baseada em images CBERS-2B/HRC e ASTER/GDEM.  
 
O tema foi abordado no artigo intitulado “Morphological analysis of Serra da Cangalha 
and Riachão impact craters based on CBERS-2B/HRC and ASTER/GDEM satellite data” 
submetido em janeiro de 2012 ao periódico Geomorphology. O artigo aborda a análise 
morfológica das duas estruturas de impacto SdC e Ria, utilizando cenas do satélite CBERS-2B 
com o sensor HRC com resolução espacial de 2,5 metros. Os lineamentos foram extraídos a partir 
destas cenas para ambas as crateras, complementando o trabalho já realizado no artigo anterior 
para a área de toda a cratera de SdC e arredores. A análise estatística permitiu concluir que as 
duas crateras não foram formadas pelo mesmo projétil. Esta conclusão se baseia nas diferentes 
direções dos impactos formadores das duas crateras, sendo que SdC se formou por impacto 
oblíquo vindo de SE, ao passo que Ria teria sido formada por impacto oblíquo de NW.  
Capítulo V- Características geofísicas de quatro prováveis estruturas de impacto na Bacia 
do Parnaíba 
 O tema referido foi abordado no artigo intitulado “Geophysical characteristics of four 
possible impact structures in the Parnaiba Basin, Brazil: comparison and implications” 
publicado no livro Large Meteorite Impacts and Planetary Evolution IV, editado em 2010 pela 
Geological Society of America (GSA). O artigo aborda as estruturas São Miguel do Tapuio, 
Santa Marta, Riachão e Serra da Cangalha.  Todas exibem elevação central típica de crateras de 
impacto complexas.  Com dados gravimétricos e magnéticos aerotransportados regionais (6 km 
de espaçamento de linhas de vôo) comparou-se suas assinaturas com outras estruturas de impacto 
com diâmetro similar. A análise mostrou que, exceto a estrutura de SMTP, as demais exibem 
características similares às assinaturas de estruturas de impacto de dimensão similar formadas em 
rochas sedimentares. A estrutura de SdC exibe alto magnético e baixo gravimétrico, SM exibe 
baixo magnético e  alto gravimétrico, Ria apresenta baixo gravimétrico e alto magnético e SMTP 
apresenta alto magnético e uma complexa assinatura gravimétrica.  
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Capítulo VI- Estudo da morfologia da estrutura de impacto de Serra da Cangalha com base 
em dados geofísicos. 
O tópico supracitado foi abordado no artigo intitulado: “Insights into the morphology of 
the Serra da Cangalha impact structure from geophysical modeling”, que foi submetido à 
MAPS. O artigo envolve a análise por modelamento direto 2,5D aliado ao modelamento 
numérico para estimativa da profundidade do embasamento e sua deformação por impacto, assim 
como a morfologia superficial de SdC. Os modelos 2,5D foram confeccionados com dados 
gravimétricos terrestres no GMSYS (Geosoft) e os modelos numéricos foram compilados com o 
programa iSALE. Dados aeromagnéticos, fornecidos pela ANP, foram utilizados para a obtenção 
de vínculos de profundidade do embasamento que suportassem os modelos gerados associados 
com dados magnéticos terrestres. Os dados aeromagnéticos mostraram um embasamento com 
média de profundidade de 1,9 km com profundidades que variam entre 500-1000 metros para a 
região do núcleo soerguido. Os modelos numéricos, gerados com o programa iSALE, 
conseguiram reproduzir relativamente bem a morfologia atual de SdC. Indicam que SdC foi 
formada por um bólido de ~1.4 km de diâmetro, viajando a uma velocidade de 12 km/s. Com 
base nesses modelos, a cratera final teria cerca de 15 km de  diâmetro. 
Capítulo VII- Assinatura gamaespectrométrica de Serra da Cangalha  
O tema foi abordado no artigo intitulado “Contributions of gamma-ray spectrometry to 
terrestrial impact crater studies: the example of Serra da Cangalha, northeastern Brazil”, 
publicado no volume 39 do periódico Geophysical Research Letters. 
O artigo teve por objetivo caracterizar e investigar a marcante assinatura 
gamaespectrométrica de SdC, principalmente devido ao fato de haver poucas referências na 
literatura quanto ao uso deste método para o estudo de estruturas de impacto meteorítico. Sabe-se 
que o processo de impacto causa mudanças físicas/químicas nas rochas alvo. Essas mudanças 
envolvem remobilização de fluidos hidrotermais que, por consequência, provocam também 
mudanças mineralógicas nas rochas e nos respectivos solos derivados destas rochas. Desta 
maneira, a análise da distribuição de K, Th e U tem potencial para mapear tais modificações. 
Além da assinatura gamaespectrométrica de SdC, o artigo aborda uma técnica de realce de 
anomalias de K também utilizada como método prospectivo. Os resultados mostram que os 
elementos estão concentrados de acordo com distintos domínios morfo-estruturais de SdC, 
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indicando provável ação de fluidos hidrotermais decorrente do evento de impacto.  Este trabalho 
teve também como objetivo mostrar o potencial do uso da gamaespectrometria no estudo e 
caracterização de estruturas de impacto.  
Capítulo VIII- Estudo geofísico da estrutura de Riachão 
O tema foi abordado no resumo expandido submetido à 43
rd
 LPSC (Lunar and Planetary 
Science Conference), organizado pela Lunar and Planetary Institute da NASA (National 
Aeronautics and Space Administration) realizada em março de 2012 em The Woodlands, TX, 
Estados Unidos. O trabalho, intitulado Geophysical signatures of the Riachão impact structure, 
Brazil, apresenta os resultados aerogamaespectrométricos, magnéticos e gravimétricos terrestres 
coletados na estrutura. Como resultado, os dados radiométricos delimitaram com relativa precisão 
a região do anel elevado de Ria por meio de assinatura caracterizada pela ausência de K, Th e U, 
além de concentração dos três elementos na região central. Os dados aeromagnéticos registram a 
ocorrência de anomalias de curto comprimento de onda na região da bacia anelar, além de duas 
anomalias gravimétricas positivas de origem desconhecida. 
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ABSTRACT  
Serra da Cangalha is an impact structure of 13.7 km diameter located in regionally 
undisturbed sedimentary rocks of the Parnaíba basin in northern Brazil. The stratigraphy 
includes, from bottom to top, the Longá, Poti, Piauí and Pedra de Fogo formations of Devonian to 
Upper Permian age. The age of the impact is constrained to < 250 Ma by stratigraphy. The 
structure comprises a ~5.8 km wide central uplift with variably upturned or overturned strata of 
the Longá, Poti and Piauí formations, and a prominent ~3 km wide collar of the Poti Formation.  
We divided Serra da Cangalha in four distinctive domains from the interior towards the external 
region. The central uplift domain, most specifically within ~1.5 km radii, represents the region 
where practically all the microscopic shock features are concentrated. They include planar 
deformation in quartz, such as planar deformation features (PDF), feather features (FF), and 
planar fractures (PF) found in polymict breccias, shatter cones from the central  depression  and 
silicified sandstones from the  collar. On the other hand, the macroscopic shock effects such as 
faults, folded and subvertical strata, were observed up to ~2.9 km radii. The annular basin domain 
is marked by a quiescence of outcrops and its most important characteristic is the presence of 
concentric two annular ridges, and contains chert breccias, Permian fossilized wood and folded 
strata of the Pedra de Fogo formation. The crater rim and external domains comprise undisturbed 
strata of the Pedra de Fogo and Piauí formations with well-preserved sedimentary features. 
Whilst previous manuscripts approach only the general geological and shock features aspects, we 
present here a most detailed stratigraphic and geological of each formation in the interior and 
around Serra da Cangalha as well as more detailed microscopic shock  features approach. 
According to the directions of the 10 sets of PDF found in the shatter cone sample and the 
sandstone from the borehole, we now have significant evidence to establish a limit on the shock 
pressure experienced by the rocks in the central uplift  at 10 GPa. 
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1.INTRODUCTION 
The Serra da Cangalha (SdC) structure (Dietz and French, 1973; McHone, 1986) is 
located in Tocantins state, northern Brazil, centered at 8°05’S/46°52’W (Fig. 2.1). It is a complex 
impact structure of about 13.7 km in diameter, with a central uplift of 5.8 km width. SdC was 
formed in undeformed Phanerozoic sedimentary rocks of the Parnaíba Basin, (Fig. 2.2) an 
intracratonic sedimentary basin containing strata of Upper Silurian to Triassic age  (Góes, 1995). 
The presumed age of the structure (<250 Ma) is not well constrained: it is based merely on the 
regional stratigraphy and on the age of the Pedra de Fogo Formation, the youngest strata that 
were affected by the formation of the crater (Góes and Feijó, 1994).  
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Fig. 2.1- Digital elevation model from the Shuttle Radar Topography Mission (SRTM) showing the localization of 
Serra da Cangalha, and the map of Brazil showing the location of the SRTM image (inset). 
 
The “dome” structure of SdC has been known since the late 1960s, having been described 
by  Ojeda and Bembon (1966) as part of a regional geological survey for oil exploration purposes 
carried out by Petrobras (the Brazilian oil company). The first reference to SdC as an impact 
structure was made by Dietz and French (1973), who proposed its impact origin based on its 
morphology, as seen in early Landsat remote sensing images. They pointed out - as indications of 
the impact nature of SdC - its almost circular shape and the presence of a conspicuous central 
uplift. McHone (1979) and Santos and McHone (1979) reinforced the impact origin of SdC, after 
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having found some breccias and possible shock deformation features in sandstone. Further 
geological studies, including reconnaissance field work, were reported by McHone (1986), which 
resulted in a preliminary map of SdC and the disclosure of possible shock features. The first 
published review of the meteoritic impact structures in Brazil, by Crósta (1987), mentioned SdC 
as an impact structure, based on the shock evidence reported by the previous authors. 
In the early 1970s the Brazilian Department of Mineral Production (DNPM) drilled three 
boreholes into the central depression of SdC, as part of a regional campaign for diamond 
exploration. At that time, DNPM geologists interpreted the structure as being related to a buried 
kimberlite intrusion, of which there are several examples known in the Parnaíba Basin (DNPM, 
1972). Each borehole reached ~200 m depth, whereby only intensely deformed strata attributed to 
the Devonian Longá Formation were found.  
In recent years, some geophysical and remote sensing studies have been conducted at 
SdC, aiming at the characterization of this complex structure. Almeida-Filho et al. (2005) 
employed ASTER (Advanced Spaceborne Thermal Emission) data for characterizing its main 
morphological characteristics, whereas Reimold et al. (2006) analyzed topographic information 
provided by Shuttle Radar Topographic Mission (SRTM) data, combined with satellite imagery 
acquired by the Landsat Thematic Mapper (TM). These authors suggested a multi-ring 
morphological configuration for SdC, with a prominent inner ring at 1.6 km radius from the 
center, a 1
st
 intermediate ring at about 3 km and a 2
nd
 intermediate ring at about 6.7 km from the 
center. Kenkmann et al. (2011) summarized the structural statements of SdC based on detailed 
remote sensing analysis of the central uplift. The authors suggested an oblique impact from a 
southerly direction based on the overturned and folded strata combined with asymmetry of the 
central uplift and the analysis of joint sets. 
Geophysical studies carried out at SdC by Adepelumi et al. (2004, 2005a, b) and 
Vasconcelos et al. (2010a) involved gravity and aeromagnetic analysis, as well as resistivity and 
magnetotelluric modeling. According to Adepelumi et al. (2005b), the crystalline basement 
underneath the structure sits at a depth of 1-1.5 km. However, Vasconcelos et al. (2010a), based 
on regional aeromagnetic data, interpreted the average depth of the basement as 2.4 km, an 
estimation corroborated by data from an oil exploration borehole located 70 km north of SdC. 
According to Vasconcelos et al. (2010a), SdC exhibits an annular gravity low and a 10 nT 
magnetic high over the center of the structure, a geophysical signature which is in accordance 
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with the ones from impact craters of similar dimensions formed in sedimentary target rocks 
(Pilkington and Grieve, 1992). 
In the previous work presented by Kenkmann et al. (2011) the authors reported an 
elucidated inventory concerning structural analysis as well as general geological and petrographic 
aspects of SdC. They notified the importance of doing a most detailed shock petrographic 
analysis in order to characterize the deformation produced in the target rocks. Hence, this is a 
complementary work of Kenkmann et al. (2011) paper based on the most recent geological 
results focusing on the local stratigraphic and sedimentary aspects, as well as on a more detailed 
petrographic analysis. Concerning the petrographic analysis, we present further measurements of 
PDF as well as possible and more descriptive results of shock features. Stratigraphic sections 
through the Parnaíba Basin, encompassing SdC and surrounding areas were analyzed and 
compared. The aim was to analyze the main characteristics of the stratigraphic units in order to 
understand how the deformation related to the impact event modified the target rocks at the 
macro- and micro-scales. In addition, a new suite of rock samples from the inner collar were 
analyzed by various methods in order to identify shock deformation features.   
 
2. METHODS 
Field work 
SdC is located in a remote part of Brazil and it can be reached starting from federal 
highway BR-163 that links Palmas, the capital of Tocantins state, to Araguaína, the largest town 
in the northern part of the state. From BR-163 the access to SdC is made through state road TO-
226 to the town of Campos Lindos, located a few kilometers to the NE of the structure. This road 
cuts across the northern part of the structure, going through the NW and NE parts of the rim and 
into the annular basin located between the northern rim and the central uplift. Road cuts along 
TO-226 provide access to good exposures of the deformed strata of the rim monocline, close to 
the northwestern part of the rim. In the interior of SdC, there is an unpaved road that goes around 
the central uplift towards the SE, to the village of Rancharia located about 10 km south of SdC 
(Fig. 2.1), outside the southern crater rim. Along this road through the structure there are some 
exposures of sedimentary rocks of the Piauí and Pedra de Fogo formations. Besides this single 
unpaved road within SdC, there are a number of minor dirt tracks covering around 70% of the 
 25 
 
annular basin between the collar and the crater rim. Access to the collar of the central uplift and 
to the inner depression is more difficult and restricted to trails. 
 
Fig. 2.2- Stratigraphic column for the Parnaíba Basin (modified from Góes, 1995). The width of the strata signifies 
lateral extension of the basin. 
 
A panchromatic WorldView-1 satellite image (0.5 m spatial resolution) was used in 
combination with a digital elevation model (DEM) derived from ASTER (Advanced Spaceborne 
Thermal Emission and Reflection Radiometer) satellite data, with a 30 m spatial resolution, in 
order to support geological mapping of SdC. Field data were collected along several transects 
covering all sectors of the structure, with a larger number of observation points in the raised 
collar and in its inner depression (annular basin). Particular attention was given to sedimentary 
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structures and sedimentological data, which, combined with petrographic analysis of samples 
from outcrops and boreholes, allow the distinction of the different strata. Geological data from 
the areas surrounding the structure were collected mainly from outcrops along road TO-226. 
 
Rock types and sampling 
 Sampling was carried out during several field campaigns and was focused on searching 
for definite shock evidence, as previous works (McHone, 1986; Crósta et al., 1987) only referred 
generically to the occurrence of bona fide shock features, without documenting them. Sample 
collection was concentrated in the area of the central uplift and its close surroundings, as these 
areas are most likely to have undergone higher levels of shock deformation in a rather deeply 
eroded (McHone, 1986; Kenkmann et al., 2011) structure (e.g., Grieve et al., 1981, Grieve, 
1987). Furthermore, the quartz-rich character of the sandstones that occur in this area is more 
suitable for the formation, preservation and detection of unique shock-deformation features in 
quartz (e.g., Stöffler and Langenhorst, 1994; Grieve et al., 1996) than the rocks of other areas. 
Sample analysis 
The Longá Formation was analyzed based on samples from the three boreholes drilled in 
the inner depression of the central uplift, and from a few outcrops in this area. Drill cores from 
these boreholes, designated by the Brazilian Department of Mineral Production (DNPM) as GT-
01-GO, GT-02-GO and GT-03-GO, were recovered from the DNPM core storage facility in 
Recife (Pernambuco state). The samples of the other formations were collected in three field 
campaigns. 
Thin sections from a number of representative samples from each lithostratigraphic unit 
collected within SdC were analyzed for characterization of micro-deformation features and the 
presence of shock indicators. According to the observation or not of shock features it is possible 
to have an estimate concerning the pressure peak reached in each domain of SdC. In this 
procedure, a JEOL/EO 6610 electron microprobe was used to determine the main characteristics 
of the features with a 15kV accelerating voltage, a 12 nA beam current, and a working distance of 
8-16 mm. 
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3. GEOLOGICAL OVERVIEW 
The Parnaíba Basin is an intracratonic basin with an elongated shape along NE-SW and a 
total extent of >600.000 km
2
.  The Brazilian Geological Service-CPRM- carried out a regional 
geological mapping of the Parnaíba Basin in order to recognize the mineral resources of this 
basin (CPRM, 1978). The stratigraphy of the Parnaíba Basin comprises the Serra Grande, 
Canindé and Balsas groups, representing sedimentary deposits of Silurian to Triassic age (Fig. 
2.2). The rocks are mostly siliciclastic sediments deposited during several transgressive-
regressive cycles, with an average total thickness of 3,500 m (Góes, 1995; Góes et al., 1997). The 
oldest strata comprise Silurian clastic sediments of the Serra Grande Group (Caputo and Lima, 
1984), starting with conglomerate and continental sandstone of the Ipu Formation, deposited 
under possible glacial influence and grading into overlying marine sandstone and shale of the 
Tianguá Formation. This cycle ends with the regressive sedimentation of fluvial sandstone and 
conglomerate of the Jaicós Formation. The Canindé Group consists of marine deposits, 
comprising white and thin layers of sandstone, and gray shale of the Itaim Formation, 
representing a transgressive event during the deposition of Pimenteiras Formation. The next 
sequence comprises the Devonian glacial diamictite and deltaic sandstone of the Cabeças 
Formation. The continental sandstone grades into a transgression characterized by shale of the 
Longá Formation (Devonian–Early Carboniferous). This cycle ends with a further regressive 
event which resulted in the deposition of sandstone of the Poti Formation (Early
 
Carboniferous).  
The formation of the Balsas Group began with a continental sequence of predominantly 
eolian nature, with short sea incursions represented by sandstone, limestone and anhydrite of the 
Piauí Formation (Late Carboniferous). Overlaying the Piauí Formation, there are sandstone, shale 
and limestone of the Pedra de Fogo Formation (Permian), deposited in a shallow sea. The section 
terminates with shale and anhydrite of the Motuca Formation (Permian) that was only deposited 
in remnant marine regions. During the Triassic, the region was subject to desertification, resulting 
in the deposition of eolian sandstones of the Sambaíba Formation.  
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4. RESULTS 
Geology of Serra da Cangalha 
SdC can be defined as a near-circular structure with a subdued elevated rim and an 
average diameter of 13.7 km. It comprises, from the lowermost to the uppermost unit, the Longá, 
Poti, Piauí and Pedra de Fogo formations (Fig. 2.3). Dark shales of the Devonian/Lower 
Carboniferous Longá Formation constitute the oldest rocks at SdC, which occur poorly exposed 
in the inner depression within the central uplift. Detailed descriptions of the characteristics of the 
rocks of SdC and surroundings is presented separately for each of the following domains in the 
next sections: central uplift, annular basin, crater rim and external surroundings of SdC. 
The Poti Formation comprises mainly red/white sandstones of Lower Carboniferous age 
that form the collar of the central uplift. Rocks belonging to this unit have not been observed to 
occur in the vicinity of SdC outside the collar. The Piauí Formation forms the peripheral zone of 
the central uplift, as well as most of the geology exposed over the inner area of the structure, and 
is widely covered by the Pedra de Fogo Formation (Fig. 2.3). 
The landscape outside SdC is dominated by mesas of generally flat-lying, barely 
deformed (large amplitude gentle warping) strata. The regional table mountain land results from 
incisions by the regional drainage systems. This landscape offers a striking contrast with the 
morphology of the interior of SdC, characterized by annular ridges and intensely deformed strata. 
The central uplift comprises a prominent annular collar at ~1.5 km from the center, formed by 
250-370 m high hills of intensely deformed sedimentary rocks, and its outer limit is marked by 
concentric annular ridges. At the center of the collar there is a near-circular depression forming a 
small basin that drains the area bounded by steep inner walls of the collar. 
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 Fig. 2.3- Simplified geological map of Serra da Cangalha. The external dotted line is the rim of the crater. 
Numbered sites correspond to main outcrops referred to in the text. The coordinate system is in Universal Transverse 
Mercator (UTM) (in meters), zone 23South.  
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Central domain 
The central uplift of SdC has been defined by Vasconcelos et al. (2010b) and Kenkmann 
et al. (2011) as the circular region with 5.8 km in diameter comprising the peripheral zone with 
the Piauí Formation, a prominent collar formed by rocks of the Poti Formation, and a central 
depressed area with rocks from the Longá Formation (Fig. 2.3).  
The Longá Formation is dominated by shales and siltstones, which are more susceptible 
to weathering and erosion than the other siliciclastic rocks that occur in SdC, in particular the 
silicified sandstone that forms the collar. For this reason, this unit has only some outcrops of 
medium-coarse grained sandstones in the northern part of the central depressed area, which is 
characterized by a gentle relief, usually covered by vegetation. This depression contains a basin 
drained by a stream fed by rain water collected from the surrounding inner slopes of the collar, 
with an erosive outlet in the NNW part that is the only break in the annular raised collar.  The 
centralmost area can be reached on foot using a trail that runs along this drainage channel.  
Information about the rocks of the Longá Formation comes mostly from samples of the 
three drill cores. The boreholes were drilled through strongly compacted and deformed dark gray 
and black shales and poorly sorted sandstones. The dips of the strata mostly range from 45 to 75
o 
(Fig. 2.4a), although vertical dips have also been observed. Deformation features observed in the 
rocks from the cores include intense fracturing and brecciation in coarse-grained sandstone (Fig. 
2.4b). Palynological age determinations carried out on the dark shales confirm that these rocks 
correspond to the Longá Formation (Souza, 2011).  
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Fig. 2.4- (a) Sandstone with cm-sized quartz grains collected from 90 m depth in the drill core from the Longá 
Formation at the center of SdC. Note the subvertical dip of the bedding (the borehole is vertical). (b) Detail of the 
sample shown in “a” exhibiting cm-scale fault and chert fragments. (c) Aerial view of the collar of the Serra da 
Cangalha uplift structure showing the longer axis of the central uplift, of about 2.8 km in NNE-SSW direction (aerial 
photography by A. Bartorelli).  
 
The annular raised collar itself is ~2.8 km wide (Fig. 2.4c) and corresponds to the ‘central 
ring’ defined by Reimold et al. (2006). It has a quadrangular shape with an open part facing 
NNW formed by sub-vertical walls of folded red and white Poti sandstone. Rocks of the Poti 
Formation that form the collar are intesily silicified and extremely hard, and have a generally 
massive structure. Bedding is intensely deformed, with complex fold patterns (as discussed in 
detail by Kenkmann et al., 2010, 2011) ranging from meter to decameter scale. The intense 
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deformation and silicification apparently caused the obliteration of the original sedimentary 
structures, which compromises the interpretation of the depositional processes that produced 
these rocks. The present position of the Poti sandstones in the central uplift, as well as that of the 
Longá shales, is topographically above that of the younger Piauí and Pedra do Fogo units that 
surround them in the interior of SdC.  
The Piauí Formation is located in a peripheral zone surrounding the steep collar of SdC 
(Fig. 2.3, Fig. 2.4c). It can be studied in few outcrops only and is externally bounded by semi-
circular ridges of chert breccia and silicified sandstone forming elongated hills with steep slopes 
(Fig.5a, and 5b). Bedding on these ridges usually exhibits subvertical dips (Fig. 2.5c); there are 
numerous cm-scale faults showing displacement of thin layers of sandstone (Fig. 2.5d). 
Characteristics of this sandstone comprise red and sometimes white colors, fine to coarse grain 
size, and sub-angular to sub-rounded grains of moderate sorting. Cross-bedding with 5-10 cm 
amplitudes can still be recognized at some of these outcrops, even after deformation. No direct 
shock evidence has been found neither in rocks from these ridges, nor in the strata that occur in 
between them and along the outer rim of SdC.  
Annular basin domain 
Nearly 90% of the annular basin corresponds to the Pedra de Fogo Formation and 10% 
corresponds to the Piauí Formation. This moat between the crater rim and the central uplift 
corresponds to a topographically depressed region with a concentric drainage system and two 
well-developed concentric ridge features. The 1
st 
annular ridge occurs at about 2.8 km radius 
from the center, forming an annular morphological feature formed by steep, rounded hills, is 
reasonably well exposed, and marks the contact of the Pedra do Fogo with the Piauí Formation. 
These discontinuous hills also mark the outer limits of the central uplift (Fig. 2.5a) – in 
agreement with the findings by Kenkmann et al. (2011). The strata exposed in these hills 
comprise mainly brecciated (cataclased) chert layers, as well as silicified sandstone with 
subordinate mudstone. The large amount of chert breccia, together with the occurrence of 
fossilized wood of Psauronius (Fig. 2.5e), were used as the criterion to include these strata as 
part of the Pedra de Fogo Formation, according to the previous mappings that cite these 
characteristics (CPRM, 1978; Góes and Feijó, 1994). In some areas, such as in the northeastern 
and western region, these strata present centimetric and metric open folds (Fig. 2.6a, 2.6b).   
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Fig. 2.5- General characteristics of the Poti Formation. (a) 3D perspective view of the central uplift of SdC showing 
the collar and the 1st annular ridge (image acquired by WorldView-1 satellite; vertical exaggeration=10x). Note the 
detail of the region of the central uplift. (b) Detail of figure ‘a’ showing the subvertical layers of the 2nd annular 
ridge. (c) General appearance of the Piauí Fm.with high dip angle in the southern part of the central uplift 
(295537mE/9103471mN). Sedimentary structures like cross-stratification, although rotated by deformational 
processes related to the impact, remain preserved in the same location of ‘c’. (d) Detail of layers sectioned by micro-
faults, with millimeter to centimeter displacements. Wood fossil of the Pedra de Fogo Fm. 
 
 34 
 
The 2
nd
 annular ridge is located, on average, some 6 km from the center of SdC. It has the 
following characteristics: (i) in the northwestern sector, it exhibits open folds and cm-thick chert 
layers that are also folded (Fig. 2.6b), similarly to the northeastern sector (Fig. 2.6c); (ii) in the 
western sector, the ridges are rounded and comprise silicified sandstone with folded chert 
breccia; (iii) in the southern region it is characterized by thin chert layers in outcrops at ground 
level. At other locations the 2
nd 
annular ridge is not topographically prominent, probably due to 
erosion, but its limits can still be interpreted based on lineaments extracted from high spatial 
resolution satellite images.  
 
Fig. 2.6- (a) Photo taken from the western collar of the central uplift towards the western rim. Note the contact 
between the Piauí Formation and the curved ridge which marks the Pedra de Fogo Formation. This curved ridge is 
here termed the 1
st
 annular ridge. The 2
nd
 annular ridge can be seen in the background, exhibiting a softer relief 
compared to the 1
st
 ridge. CU: Central Uplift; (b) 3D perspective view of the western part of SdC showing the 
Central Uplift (CU), occurrence of the Pedra de Fogo Formation, Piauí Formation (PiF), and folded chert breccias 
defining the 2
nd
 annular ridge of the  Pedra de Fogo Formation. The folded chert layers are the same shown in image 
“a”. (c) 3D perspective view of the northeastern part of SdC showing the 2nd annular ridge, and the annular basin, 
and the Piauí Formation (PiF) and the Pedra de Fogo Formation at the rim (PFF). 
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In the northeastern part of the 2
nd
 annular ridge, near the rim, there are intercalations of 
sandstone and mudstone with chert layers and lenses, which become more frequent and thicker 
upwards (i.e., in direction of the crater rim). The bottom of the section at point E-13 (Fig. 2.3) 
comprises 4.5 meters of fine- to medium-grained and moderately sorted white sandstone. This 
stratum is overlain by red, fine-grained and well sorted sandstone that shows what is probably the 
outermost impact-related deformation observed in the form of layers dipping 30º, together with 
m- and cm-scale open folds. Despite this deformation, this layer still exhibits well-preserved, 
medium-scale tabular cross-bedding. The more ductile behavior of this heterolithic interbedding 
reflects the deformation, which is characterized by open folds in layers with intermediate dip 
towards the interior of the structure. 
 
Crater rim domain 
The Pedra de Fogo Formation of Permian age comprises sandstone and chert layers that 
occur in a broad annular-shaped zone within SdC, and also forms the rim of the structure as flat-
topped plateaus. These plateaus have been eroded in some regions, in particular in the NW and E 
portions of the rim, exposing the underlying Piauí sandstones. The Pedra de Fogo Formation 
consists mainly of red, laminated mudstone with occasional gray portions. The occurrence of 
heterolithic deposits, comprising intercalations of sandstone/mudstone/chert was used to identify 
the upper part of the Pedra de Fogo Formation. Pink sandstone, coarse- to medium-grained and 
well sorted, is also part of this unit, although in smaller amounts than the mudstone is sometimes 
intercalated with them.  
Despite the advanced degree of weathering exhibited by the rocks of the Pedra de Fogo 
Formation along the southern rim of SdC, this is a suitable area for the observation of 
sedimentary characteristics and structures, allowing them to be distinguished from the Piauí 
Formation. The contact between these two formations is gradational, but whereas the Piauí 
Formation has a predominance of sandstone, the Pedra de Fogo Formation is dominated by 
mudstone. Frequent intercalations of purple/gray mudstone and fine- to medium-grained, red 
sandstone are observed, usually without sedimentary structures or with incipient sigmoidal cross-
bedding. At point E-26 remarkable thickening of the mudstone and thinning of the sandstone was 
observed.  
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The external domain 
Bedding in these areas beyond the rim of SdC is nearly horizontal and only very restricted 
evidence of deformation is present, in the form of gently undulating bedding (large amplitudes of 
tens of meters to hundreds of meters and bedding variation of < 10 degrees over such distances).  
In this external domain of SdC the Piauí Formation is exposed in low altitude areas, whereas the 
Pedra de Fogo Formation occurs stratigraphically and geographically relatively higher, on 
plateaus (Fig. 2.7a). To the south of SdC there is a predominance of fine- to medium-grained 
sandstone, with well sorted and rounded grains and with large-scale tabular cross-stratification 
(Fig. 2.7b). The succession begins with laminated mudstones and medium-grained sandstone 
with cross-stratification, which grade into sandstone intercalated with mudstone, mainly at the 
top. Differentiation between the Pedra de Fogo and Piauí formations was based on the thickening 
upwards of the mudstone layers in the Pedra de Fogo.  
To the northeast of SdC, along road TO-226 and near the town of Campos Lindos, 
outcrops of the Piauí Formation show a remarkable succession of facies with well-preserved 
sedimentary structures (Point E-33, Fig. 2.1). There are white, coarse-grained sandstones 
exhibiting medium- to small-scale tabular cross-bedding with well-sorted and rounded grains. 
They are overlain by sandstone with ripple bedding, followed upwards by cream-colored 
mudstone interbedded with fine-grained sandstone forming lenticular structures (Fig. 2.7c). The 
upper part of the section consists of medium-grained, red sandstone with light yellow mudstone 
with flaser bedding (Fig. 2.7d). 
Lithotypes and petrographic description 
Sandstone 
Sandstone is the most frequent rock type in the target rocks of SdC. The deformation 
caused by the impact increases from rim towards the center of the crater and is clearly observed 
in the thin-sections. Whilst the Pedra de Fogo Fm. exhibits non-deformation features and rounded 
grains in the rocks from the rim, the rocks closest to the central uplift domain show the 
deformation expressed through poorly sorted grains, with 50- 500 μm size and  sharped and 
fractured aspects (point 184-Fig. 2.8a). The rocks of the Piauí Fm. localized within the central 
uplift exhibit sharped and extremely fractured grains of quartz. These fractures have no 
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preferential direction and promote in situ disgregation of the grains (Fig. 2.8b), atypical on the 
rocks of the Parnaíba Basin.  
 
Fig. 2.7- 3D perspective view showing the southern rim with the location of the Pedra de Fogo Formation (PFF) and 
Piauí Formation (PiF) (image acquired by the ASTER satellite, bands 1, 2 and 3 in RBG); arrow ‘b’ shows the 
location of the outcrops shown in “b”. (b) High-angle tabular cross-bedding in sandstone with well sorted and 
rounded grains. (c) Heterolithic mudstone/sandstone section with lenticular bodies structure, located outside of SdC. 
(d) Heterolithic deposit exhibiting sandstone with mudstone flaser texture, located outside of SdC.   
 
Exposed sandstones of the Poti Fm. along the collar are typically red and show variable 
dips due to folding. Overall they consist of >95 vol% quartz and minor K-feldspar (<5 vol%). In 
thin section, the sandstone is poorly sorted, with porosities of 1-6.5 vol% and grain sizes from 
50-100 μm. The grains are sub-angular to angular. In the southern part of the collar sandstone 
exhibits large grains (250-350 μm) with syntaxial overgrowth of quartz and fracture planes 
crossing grain boundaries. The grains are extremely fractured (Fig. 2.8c) and the fracturing is 
more common than in the rocks from the Piauí Fm, indicating more intensive deformation. 
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Furthermore, a high quantity of oxide cement is observed sometimes concentrated along bands 
(Fig. 2.8d), which is directly responsible for the red color of these strata. The oxide cementation 
covers silica cementation and borders of grains appearing has been precipitated in later fases. The 
fracturing as well as the cementation is not typical of the rocks from the Parnaíba Basin. The 
rocks of the Poti Fm. are typically sorted, grains are rounded and are not fractured and contacts 
are essentially planar (Fig. 2.8e). 
 
Fig. 2.8-(a) Aspect of a poorly sorted rock of  the Pedra de Fogo Fm. (point 184). (b) In situ fracturing of  a quartz  
grain of the Piauí Fm that promoted disgregation of grains. (c) Examples of in situ fracturing showing the boundary 
of two quartz grains. (d) Preferential concentration  of oxide cement along bands at the point 109 of the Poti Fm . (e) 
Petrographic aspect of an undeformed rock of the Poti Fm. 
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Sandstones also occur in the area that corresponds to the Longá Fm, although it is not the 
main lithotype of this formation. These rocks exhibit sharped, poorly sorted, fractured grains and 
high quantity of oxide cement, characteristics roughly similar to the fracturing observed in the 
rocks from the Poti Fm. 
 
Samples from the boreholes into the central uplift 
 
The boreholes drilled in the early 1970s at the center of SdC intercepted mainly shale 
intercalated with minor amounts (about 1% of the column section) of fine- to medium-coarse 
grained sandstone. Subangular quartz grains comprise >98 vol% and K-feldspar is subordinate at 
< 2 vol%; both minerals occur at 50-100 μm grain sizes.  As the shales are less competent rocks 
they comprise much ductile deformation features caused by the impact. They contain well 
oriented and exceptionally elongated grains of muscovite, as well as very fine-grained quartz and 
iron oxide producing crenulation in some instances, and frequently open (Fig. 2.9a) to close 
folds. These shales exhibit in some parts boudins (Fig. 2.9b) of sandstones expressing stretching 
and deformation along the shear foliation (subvertical direction, as previously mentioned) and 
foliation is commonly observed crossing grains of sandstone of 1-7mm sized (Fig. 2.9c). Lastly, 
the foliation is displaced by micro-faults with sub-mm displacement (Fig. 2.9d) and many 
fractures are filled by silica in the shales. 
Sandstone appears to represent meter-thick lenses within the shale sequence. Borehole 
GT-01-GO is the most interesting of the three, as it intersected a layer of poorly sorted sandstone 
at ~90 m depth, with quartz grains exhibiting shock deformation features, which will be 
described in the “Microscopic shock features in quartz” section. It contains 90 vol% angular 
quartz and 10 vol% feldspar grains, 0.1-2 mm in size, with iron oxide and, less frequently, and  
calcite cement. The overall appearance of this rock, with a mixture of sub-angular quartz grains 
>1 mm with sub-μm grains (Fig. 2.4b), suggests it to be a micro-breccia. 
 40 
 
 
Fig. 2.9- Micro-deformations observed in the shales from the boreholes. (a) Folded foliation in grains of quartz. (b) 
Stretched grains of sandstones showing boudinage aspect. (c) Grain of sandstone crossed by foliation developed with 
the impact. (d) Fault displacing folded layer. 
 
Shatter cones  
 
Near the center of the inner depression of the central uplift, two samples of sandstone 
bearing shatter cones were found at 295197 mE / 910685 mN UTM coordinates. They 
correspond to loose blocks that occur in the area corresponding to the domain of the Longá 
Formation (Points 22 and 42 - Fig. 2.3 and Fig. 2.4). These shatter cones were formed in coarse 
sandstone with individual cones reaching 8-12 cm lengths. The specimens consist of >95 vol% 
quartz with minor feldspar (1-5 vol%). The grains are sub-rounded to sub-angular, moderately 
fractured and moderately to highly sorted, and grain sizes vary from 100 to 400 μm, 
Phyllosilicate minerals, iron oxide and silica cement are present in high amounts. The cement 
exhibits prominent syntaxial overgrowths of quartz on quartz grain, which are not observed in the 
rocks of the Parnaíba Basin outside SdC. However, the cement appears to have formed prior to 
the formation of SdC, as the fractures related to the shatter cones cross grain boundaries as well 
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as the cement (Fig. 2.10a). These fractures are observed especially in the shatter cones and are the 
same fractures observed in macro-scale and related to the impact of SdC. They look very 
different of the other common fractures present in the rocks from the central uplift, because they 
are continuous and extend crossing many grains simultaneously. Nevertheless its distribution is 
restricted to certain portions of the entire thin-section with random directions. 
 
Fig. 2.10-(a) Syntaxial overgrowth between two quartz grains crossed by fractures (F) of the shatter cones showing 
that the shatter cones were formed after the overgrowth. SO1= syntaxial overgrowth of grain 1; SO2= syntaxial 
overgrowth of grain 2.(b) Polymict breccia showing large grains of siltstone (S) and quartz (Q) immersed in a matrix 
of subangular grains of quartz. (c) Polymict breccia showing extremely fragmented quartz grains < 50 μm together 
with a large quartz grain and iron oxide cementation overall. (d) Fragmented quartz grain. 
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Polymict breccias 
Polymict breccias were found in situ, along the access trail that crosses the collar of the 
Poti Formation at 294981 mE/ 9107540 mN, as previously cited by Kenkmann et al. (2011). 
Nevertheless, the main polymict breccia was found at the central depression (Point 22- Figs. 2.3 
and 2.4) and it is slightly different of the previous breccia because their fragments are larger and 
the matrix is strongly red. These breccias are exposed as loose blocks, typically 20-50 cm in size, 
and are more important because they encompass mostly shock features. They comprise poorly- to 
moderately-sorted, angular to sub-angular clasts and ~5 cm fragments of quartz, siltstone and 
chert, in a fine (Fig. 2.10b), red matrix (Fig. 2.10c). Grains comprise >90 vol% subangular 
quartz, moderately fractured and rarely in contact with other grains. Breccias are nice examples to 
observe the fracturing in situ,in wich can be seen the boundary of the previous grain with piece of the 
grain separately (Fig. 2.10c). Their matrix comprises smaller angular quartz and feldspar grains 
(<100 μm) and their red color of these breccias is due to the presence of high amounts of iron oxide 
cement. They appear to have been formed by fragments of the local target rocks, thus comprising 
fragments of the stratigraphic units that occur at SdC, such as the Pedra do Fogo, Poti, Piauí and, 
possibly, Longá formations.  
 
Microscopic shock features in quartz  
 
Within SdC, deformation increases progressively from the rim (Pedra de Fogo Formation) 
towards the center (Longá Formation). In the Pedra de Fogo Formation, all rocks exhibit the 
original sedimentary characteristics, with non-fractured rounded grains. Sandstones from the 
Piauí Formation exhibit fracturing of grains resulting in an apparent poorly sorted grains, a 
bimodal distribution of grain sizes so that larger grains are rounded whereas smaller grains are 
strongly angular. Rocks from the collar of the central uplift (Poti Formation) contain grains 
exhibiting intense and irregular fracturing with shard-like (sharp) shapes. But the diagnostic 
shock features have been found only in rocks from the Poti Fm. (collar), sandstones from the 
Longá Fm., breccias and shatter cones from the central depression, restricted to 1.5 km radius 
from the center of the structure.  
Feather features (FF) constitute a type of micro-deformation structure in quartz that has 
been described in recent years from several impact structures (French et al., 2004; Morrow, 2007; 
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Poelchau and Kenkmann, 2011). FF consist of narrow spaced, parallel planes in certain 
crystallographic directions that branch off from one side of PF planes forming an unusual and 
distinctive feature that resembles the structure of halves of feathers. Although some authors 
suggested that FF may represent the development of incipient PDF, their origin is still uncertain 
(French and Koeberl, 2010). At SdC they have been observed in quartz of sandstone from the 
Poti Fm. (collar), Longá Fm., polymict breccia (Fig. 2.11a and 2.11b) and of shatter cones (Table 
2.1) and frequenttly filled by iron oxide cement (Fig. 2.11a).  
 
Fig. 2.11- Features developed in quartz grains in samples from the inner depression of SdC´s central uplift. (a) PF 
and FF developed in quartz grain with angle of ~45º. (b) Quartz grain from polymict breccia showing Planar 
Fractures (PF) and Feather Features (FF). (c) Feather features (FF) and Planar Fractures (PF) developed in quartz 
grain from polymict breccia; fracture planes are partially filled by iron oxide cement (orange color). (d) 
Perpendicular PF in quartz from sandstone at 90m depth in drill core GT-GO-01. 
 
Planar fractures (PF) are parallel sets of multiple planar cracks or cleavages that develop 
in quartz grains at the lower end of the shock pressure regime (~5 GPa) (Stöffler and 
Langenhorst, 1994). The fractures are typically 5–10 μm wide and spaced 15–20 μm or more 
apart in individual quartz grains (French, 1998). At SdC PF were also found in rocks from the 
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Longá Fm., Poti Fm., polymict breccias, as well as in the rocks with shatter cones. In the rocks of 
the Longá Fm. from the borehole they were developed in quartz grains ~2 mm size, in which 
these planes produce displacement by shearing (Fig. 2.11c). They are not much common in the 
sandstones of the Longá Fm, and when occur they are poorly developed with short-length lines 
(Point 120-geological map). In the rocks of the Poti Fm. these features are also not much 
common, but better formed than in Longá Fm.. They have been formed in quartz grains of ~200 
μm size with angles between 15 and 80o. (Fig. 2.11d). In the polymict breccias the development 
of PF (Fig. 2.11c) occurs preferentially associated with FF or in larger quartz grains   2- 5 mm 
size with up to 3 set directions. The preferential directions of PF in the breccias is {101,¯ 4}, 
whereas in the shatter cones it is along the ξ {112,¯2} and r/z {101,¯1} orientations (Table 2.1).  
Finally, PDF have been found only in the coarsed sandstones form the borehole (Longá 
Fm.) and in the shatter cones. A total of ten PDF sets parallel to the c (0001) axis were identified 
in ten quartz grains of SdC samples. Nine of them were observed in sandstone with shatter cones 
(Fig. 2.12a, Table 2.1) and one was found in a sandstone sample from the GT-01-GO drill core at 
90 m depth. Individual planes are typically ≤ 1μm wide and spaced only a few micrometers apart, 
as observed with the scanning electron microscope (Fig.2.12b). 
 
Table 2.1- Summary of indexed shock features found at SdC. 
    Breccias Shatter cones Borehole Sandstone 
Plane Miller-Bravais 
index 
Polar 
angle (º) 
PF PDF PF PDF PF PDF PF PDF 
C axis (0001) 0 2 - 3 9 - 1 2 - 
E {101¯4} 18 3 - 2 - 1 - - - 
Π {101¯2} 32 - - 2 - - -  - 
Ξ {112¯2} 48 - - 8 - 1 - - - 
r/z {101¯1} 52 1 - 7 - 2 - - - 
S {112¯1} 66 - - - - - - 1 - 
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Fig. 2.12- (a) Photomicrographs showing both basal PDF c (0001) and PF oriented parallel to r/z{101¯1} in a quartz 
grain from the shatter cone. (b) Scanning electron micrograph of a decorated PDF showing the narrow spacing 
between planes.  
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5. DISCUSSION 
The geological aspects observed in the field work showed that SdC has an absence of 
macro and microscopic shock features outside 1.5 km radius from the center of the structure, 
what corresponds to ~95% of the area of SdC absented of diagnostic shock. In outcrop scale only 
the tilted strata of the boundary of the central uplift and folded strata of the 2
nd
 ridge are 
anomalous in the region, although they do not characterize an impact structure. Even at these 
areas in which deformation was observed in outcrops, the impact did not overlap sedimentary 
structures, such as cross-stratification, flasers, among others. The area where the shock features 
are concentrated corresponds to the same area where the numerical models show the highest 
plastic strain (Vasconcelos et al., 2011b). The remaining crater remains with intermediate and 
constant values of plastic strain, what could justify the presence of folds and deformed strata 
close to the rim. The models also show that target rocks from the rim and from some quilometers 
outside the crater theoretically should present at least plastic deformation expressed in macro-
scale. However, according to the estimate of erosion to SdC (Vasconcelos et al. 2010b; 
Kenkmann et al. 2011), these deformed strata were eroded, remaining only rocks undergone low 
plastic deformation. Also these models point out that the peak temperature reached ~900 
o
C in 
the same area, decreasing quickly outwards the crater, and this fact may be related to the 
restricted presence of shock features in this area.  
The diagnostic shock features are preferentially concentrated in the shatter cones and in 
the polymict breccias. The polymict breccias present poorly sorted as well as absence of 
stratification. These two characteristics lead to understand that these rocks were deposited by a 
gravitational flow.   
The microscopic shock features comprise 13 quartz grains with PF and 4 quartz grains 
with FF, but no PDF have been observed. The fractures are relatively thin (3-10 μm) and may be 
resultant of low-level shock pressures (<10 GPa) (Stöffler and Langenhorst, 1994; French and 
Koeberl, 2010). The PFs apparently reflect very low shock pressures, although it is still debated 
over whether they can be considered an impact criterion, as cleavage in quartz has also been – 
although rarely - reported from non-impact environments (Frondel, 1962; French and Koeberl, 
2010).  
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Although PF and FF are not useful markers as markers of pressure, the presence of single 
PDF in the rocks from the central depression of SdC indicates that quartz was subjected to 
pressures of less than 15 GPa, the onset of multiüple set development (e.g., Grieve and 
Robertson, 1976; Stöffler and Langenhorst, 1994; Robertson, 1975; Grieve et al., 1996; Poelchau 
and Kenkmann, 2011). This pressure peak was also reached for the rock at depth, according to 
the basal PDF found in the drill core at about -90 meters.  
Where only FF and PF occur in some samples from the collar, we can infer that the shock 
pressure reached 5-8 GPa, whereas outside of the collar the peak pressure would have been < 5 
GPa based on the absence of shock features. Some irregular sets of fractures in quartz grains are 
ubiquitous even in sandstone collected up to 2.8 km outside of the central uplift. They may result 
from rarefraction waves following shock compression, or from the elastic precursor to shock 
deformation at pressures below the Hugoniot elastic limit of quartz (Stöffler and Langenhorst, 
1994). Outside of the collar no microscopic shock evidence has been found and, from the annular 
basin towards the crater rim, only some macroscopic evidence has been observed that suggests 
deformation at < 1 GPa, what is in agreement with the numerical modeling obtained by 
Vasconcelos et al., 2011). At the crater rim, deformation is restricted to folding and small scale 
faulting. The fact that non-basal PDF are very scarce at SdC is most likely related to the current 
level of erosion experienced by this impact structure. 
Displacements were observed along PF of SdC. Some authors have been suggested that 
these plans represent microfaults in planes of high shear stress (Gratz et al., 1988, 1992; Christie 
et al., 1964). Christie et al. (1964) interpreted planar fractures to have been initiated by plastic 
slip on crystallographic planes, which then propagate by brittle fracture mechanism. These 
authors observed the occurrence of an isotropic phase comprised of Si, Al, O along PF and they 
interpreted as quenched glass due to frictional melting. This occurrence also indicates formation 
at stress concentrations, and a high mobility allowing circulation along the PFs.  
All the strata within SdC appear to have anomalously high amounts of iron oxide cement 
in comparison with equivalent strata elsewhere in the Parnaíba Basin. The red color of the Poti 
Fm. and breccias is clearly associated with these high amounts of iron oxide, which is also seen 
in thin sections of samples from all the units that occur at SdC. The reason of this anomalous 
amount of iron is not yet completely understood, although a possible relationship with 
hydrothermal fluid circulation as part of the impact cratering process is being considered. This 
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cement commonly occurs overlapping silica cement and borders of minerals. In addition, this 
cement frequently fills irregular fratures, PF and FF. These relations lead us understand that the 
iron oxide cementation apparently related to deformation event undergone by rocks in these 
region. Microfolds and faults were observed in the Longá rocks. These features are indicative of 
brittle and ductile regime that occurs during the impact process. Furthermore, boudins that 
frequentlt occur in the foliation of the Longá shales are illustrative of a vertical shear that these 
rocks were undergone with the formation of the central uplift. In situ fracturing in the rocks of all 
the formations within SdC impose to the target rocks a clearly different aspect on these rocks 
when comparade with the undeformed rocks of the Parnaíba Basin. Hence, although these  
features are not diagnostic of impact, they can be used also to characterize the degree of 
deformation imposed by the impact.  
Despite McHone (1986) had also found shatter cones in SdC, we found them only in two 
different points. Therefore, the fact that shatter cones were not have widely found in SdC, 
together with the fact that they were loose blocks rather than in-situ, suggest that the strata that 
originally contained these structures might have been eroded, leaving just remaining blocks 
scattered over the current surface.   
 
6. CONCLUSIONS    
Shock features were presented in the previous manuscript in order to prove the origin by 
impact of SdC.  We have presented new and more detailed evidences regarding macroscopic and 
microscopic deformations. We observed that the occurrence of diagnostic shock deformation 
features in quartz is restricted to the collar (of 2.8 km radial extent) of the central uplift, 
particularly to the exposures in the central depression corresponding to the Longá Formation. 
Comparing with previous work, we have more constraints to evaluate more certainly that the 
target rocks were submitted to pressures up to 10 GPa. This assertive is based onto the several 
single PDF sets (0001 direction) that were found in quartz of shatter cones from the central 
depression, and one set found in a drill core sample. This is in keeping with some observations in 
rare quartz grains of sandstone samples from the southern part of the collar that also exhibit some 
PF and FF, indicating pressures < 10 GP. Between 2.8-5.8 km from the center (still within the 
central uplift domain) no microscopic shock features were observed, and deformation is 
represented by folding. Further out in the crater structure there is no macro- or microscopic shock 
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evidence. In the crater rim, as well as in the surrounding areas outside SdC, sedimentary 
structures are well preserved. 
 Though there is no complete vertical profile in the interior of SdC, and many sedimentary 
features were obliterated by deformation and recrystallization, the identification of stratigraphic 
units within SdC was made possible by analyzing their sedimentary characteristics and then 
relating them to the strata outside the structure. Furthermore, the specific search for shock 
deformation features at SdC produced, for the first time, categorical evidence for its meteorite 
impact origin, in the form of impact breccias, shatter cones and planar deformation features.  
Concerning the stratigraphic and geological study, we have differentiated the formations 
in the interior of SdC, regarding their undeformed features that can be observed  at some places.  
The criterion for differentiating between the Piauí and Pedra de Fogo formations is the presence 
of a significant amount of mudstone in the latter. This characteristic is particularly present along 
the southern rim of SdC. In the annular basin exposures are rather limited and usually located on 
the ridges of subvertically oriented rocks. The two main concentric ring-like ridges in the annular 
basin might be the result of the compressive deformation processes related to the formation of the 
crater; their conspicuous topographic expressions are due to intense silicification that affected the 
Pedra de Fogo Formation.The brecciated rocks found in the central depression were formed by 
gravitational flow problably in the  last stage of the cratering. 
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ABSTRACT 
Serra da Cangalha is a complex impact structure with a crater diameter of 13,700 m and a 
central uplift diameter of 5800 m. New findings of shatter cones, planar fractures, feather 
features, and possible planar deformation features are presented. Several ring-like features that 
are visible on remote sensing imagery are caused by selective erosion of tilted strata. The target at 
Serra da Cangalha is composed of Devonian to Permian sedimentary rocks, mainly sandstones 
that are interlayered with siltstone and claystones. NNE–SSW and WNW–ESE-striking joint sets 
were present prior to the impact and also overprinted the structure after its formation. As 
preferred zones of weakness, these joint sets partly controlled the shape of the outer perimeter of 
the structure and, in particular, affected the deformation within the central uplift. Joints in radial 
orientation to the impact center did not undergo a change in orientation during tilting of strata 
when the central uplift was formed. These planes were used as major displacement zones. The 
asymmetry of the central uplift, with preferred overturning of strata in the northern to western 
sector, may suggest a moderately oblique impact from a southerly direction. Buckle folding of 
tilted strata, as well as strata overturning, indicates that the central uplift became gravitationally 
unstable at the end of crater formation. 
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1. INTRODUCTION 
Serra da Cangalha (centered at 8
o
05’ S ⁄ 46o52’ W) is a complex impact structure at the 
border between Tocantins and Maranhao states of Brazil. Dietz and French (1973) were the first 
who drew attention to the structure, but they were not able to confirm its impact origin. Further 
work on Serra da Cangalha was carried out by McHone (1979), Santos and McHone (1979), 
McHone (1986), and Crósta (1987). However, published evidence for impact origin in the form 
of shatter cones and bona fide shock deformation remained scarce (Crósta 2004; Reimold et al. 
2006).  
The structure is located within the intracratonic Parnaíba basin filled with Upper Silurian 
to Cretaceous sedimentary rocks (Crósta 1982, 1987). Based on stratigraphic considerations, the 
age of the structure has been delimited to <250 Ma, the age of the youngest strata affected by the 
formation of the structure. The wider region of the sedimentary basin around Serra da Cangalha 
appears undeformed, with flat-lying strata and a morphology dominated by table mountains. 
Recently, several geophysical studies have been carried out at Serra da Cangalha (Adepelumi et 
al. 2004, 2005; Abraham et al. 2004; Vasconcelos et al. 2010a), which involved gravity and 
aeromagnetic analysis, as well as resistivity and magnetotelluric modeling. According to the 
interpretation of Adepelumi et al. (2005), the crystalline basement in the region of Serra da 
Cangalha occurs at a depth of 1.1–1.5 km. However, Vasconcelos et al. (2010a), based on 
regional aeromagnetic data, interpreted the depth to basement underneath the structure as 2400 m, 
pointing out that this estimation is in accordance with data from an oil exploration borehole 
located 70 km north of Serra da Cangalha. Serra da Cangalha exhibits a 10 nT magnetic high that 
is offset from the center (Vasconcelos et al. 2010a) and a semicircular gravity low shifted 7 km to 
the north of the center. Its relation to the structure is obscure. Three boreholes approximately 200 
m deep (GT-01-GO; GT- 02-GO; GT-03-GO) were drilled into the central crater depression in 
the early 1970s by the Brazilian Department of Mineral Production in the framework of a mineral 
exploration campaign.  
Remote sensing studies by Almeida-Filho et al. (2005) using ASTER (Advanced 
Spaceborne Thermal Emission) data and by Reimold et al. (2006) based on Shuttle Radar 
Topographic Mission (SRTM) and Landsat Thematic Mapper data have been carried out in recent 
years and yielded detailed topographic information emphasizing several ring-like features. Most 
prominent is a central ring structure of approximately 3 km diameter. This inner ring was 
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revealed to comprise an annular ring of 250–300 m high hills of intensely deformed sedimentary 
rocks enclosing a near-circular depression. Reimold et al. (2006) also reported less prominent 
outer ring structures at Serra da Cangalha. The outer edge of the structure was defined by a series 
of flattish plateaus. This remote sensing analysis stimulated our field survey to unravel the nature 
of the circular features: are the observed rings comparable to circular features of planetary 
craters, or are they simply the result of selective erosion of a dome-like uplift?  
This work is part of a multidisciplinary investigation of Serra da Cangalha and environs 
and involves (1) detailed structural mapping of the entire structure with a focus on the central 
uplift area, (2) statistical analysis of the structural inventory aimed at elucidating the kinematic 
history of the event and constraining the influence of target heterogeneities and impact trajectory 
on crater formation, (3) documentation of impact deformation at microscales to macroscales, and 
(4) the confirmation of the impact origin of the structure. First results of this study have been 
presented in abstract form by Kenkmann et al. (2010a) and Vasconcelos et al. (2010b). Different 
aspects of the consortium study, such as more detailed shock petrography and the geophysical 
results, are prepared separately from the present report. 
2. METHODS 
In the course of the field campaign, 472 GPS referenced data points were recorded, with 
notation of lithology, bedding plane orientation, and structure (Fig. 3.1). Dense vegetation and 
soil/sand cover limited access to exposure in the moat between the collar around the central 
elevated area and the crater rim, and in the inner depression within the central uplift structure. 
Samples were taken from every lithology. Standard polished thin sections were manufactured for 
inspection of the petrography and microstructure using a polarizing microscope. A universal 
stage was used to index the crystallographic orientation of planar microstructures. The collected 
field data consist of dip azimuth and dip angle values, along with latitude and longitude of 
bedding planes, as well as structural data. The declination correction is -19
o
 W. Errors on GPS 
coordinates given in the GPS recordings are usually in the order of 6 m; on strata orientations and 
other planar structures (e.g., faults) the error is 5
o
. For mapping purposes, we used georeferenced 
CBERS-2B⁄HRC (China-Brazil Earth Resources Satellite ⁄ High Resolution Camera) (2.7 m 
resolution) and WorldView-1 (0.5 m resolution) satellite images, as well as ASTER data. 
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Geologic surveying and mapping were performed using the ARCGIS 9.31 software package by 
ESRI. 
Lineaments and faults were constructed as polylines. The coordinates of start-point, end-
point, and midpoint of each polyline were recorded to determine the mean distance of the lines 
from the center of the structure and to calculate the strike of mapped lineaments. Geographic 
coordinates of data points, faults, and lineaments were then translated into a radial framework 
with the point of origin placed into the crater center. The crater center is defined as the midpoint 
of a circle fitted to the collar of the central uplift. We calculated the azimuth for all data with 
respect to the crater center. The azimuthal position thus gives an angular value in relation to the 
crater center: e.g., a data point directly north of the center has a value of 0
o
, one to the east has a 
value of 90
o
, etc.  
Further transformations are necessary to specify the degree of radial symmetry within the 
crater and to express the orientation of linear features by means of their concentric or radial 
component. The strike of rock layers, lineations, and faults was compared with the tangential 
orientation or ‘‘concentric strike’’ of a circle with a point of origin in the crater center. The 
difference between the two produced an angular value for each measurement, which, depending 
on the orientation of strike, is either positive or negative (Poelchau and Kenkmann 2008). The 
angle is positive if the measured strike deviates clockwise from the tangential position, and 
negative if the measured strike deviates counterclockwise from the tangential position. These 
values are referred to as the angular deviation from concentric strike or, in short, the concentric 
deviation (Poelchau and Kenkmann 2008). To calculate the concentric deviation, it is first 
assumed that the maximum amount of horizontal rotation experienced by the strike during crater 
excavation was less than 90
o
, as observed in the field. For data conversion, the precise latitude 
and longitude of the crater center and of the measurement point are necessary. The concentric 
deviation is plotted against the azimuthal position or the radial distance from the crater center. A 
detailed mathematical description of the transformation and the determination of the value of 
‘‘concentric deviation’’ is given in Poelchau and Kenkmann (2008). 
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3. RESULTS 
Stratigraphy Lithostratigraphic detail was given in Crósta (1982, 1987) and Vasconcelos 
et al. (2010b). Detailed stratigraphic information for the Parnaíba basin sequence is found in 
Góes and Feijó (1994). Herein, we briefly review the stratigraphic units as they were mapped in 
this study. The lowermost stratigraphic unit exposed at Serra da Cangalha is the Longá Fm., 
belonging to the Canindé Group of Devonian age. This formation is dominated by dark shales 
and siltstones, and is locally exposed in the center of the structure (Figs. 3.2 and 3.3), where it 
was drilled by the Brazilian Department of Mineral Production in the 1970s. Its high 
susceptibility to erosion is responsible for the lower elevation of this central area and for its lack 
of outcrops. The tectonic situation in the center of the structure is very complex, so that the 
lithostratigraphic context has been essentially lost. The occurrence of Longá Fm. always 
correlates with morphological lows.  
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Fig. 3.1- Topographic map of the Serra da Cangalha impact structure. Stippled lines represent major circular features 
observed in satellite imagery and in the field. For comparison, the terminology of ring features used by Reimold et 
al. (2006) has been added in smaller font in brackets. Dots are locations (data points), where data were recorded in 
this study. Inset shows the location of the structure in Tocantins province of north-central Brazil (UTM coordinates). 
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Fig. 3.2- Geological map of the Serra da Cangalha impact structure compiled from data collected during our field 
survey and using remote sensing analysis. A more detailed map of the central uplift area is given in Fig. 7. The oldest 
beds crop out in the center and are surrounded by successively younger strata. Strata of the syncline around the 
central uplift are poorly exposed. Mapping of this annulus therefore relies heavily on the interpretation of remote 
sensing data. 
 
Stratigraphically above the Longá Fm. occurs the Poti Fm., a prominent mountain builder 
with high resistivity to erosion (Figs. 3.4B–F). The Poti Fm. comprises massive, decameter-thick 
quartzitic beds of Carboniferous sandstones and builds the prominent collar of the central uplift 
structure (Figs. 3.2 and 3.3). A few incompetent beds exist that subdivide the formation and 
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allow flexural slip folding (Figs. 3.4B, 3.4D, and 3.4F). A detailed stratigraphic succession within 
the Poti Fm. could not be derived due to the complex tectonic situation. 
 
 
Fig. 3.3- Schematic geological cross section through the Serra da Cangalha structure along a NNW–SSE (170o) 
trend. Note that the northern part of the central uplift is characterized by overturned strata, whereas the southern part 
is not. Vertical exaggeration is approximately 2x. 
 
 
The Piauí Fm. (Figs. 3.2 and 3.3), stratigraphically above the Poti Fm., forms the 
periphery of the central uplift and shows a distinct layering. It is composed of intercalated 
sandstone-siltstone-claystone beds (Fig. 3.4A). Sandstones display cross stratification. As the 
proportion of incompetent beds is greater in the Piauí Fm. than in the Poti Fm., its morphological 
resistivity is lower. However, the sandstone layers within Piauí Fm. are strong enough to form 
morphological ridges in the periphery of the central uplift.  
The occurrence of chert marks the transition from the Piauí to the Pedra de Fogo Fm., 
which is part of the Permian Balsas Group and forms the uppermost stratigraphic unit exposed at 
Serra da Cangalha. These cherts are the result of silicification during diagenesis, and they are 
frequently and strongly brecciated. Due to their resistance to erosion, they form remarkable 
morphological ridges that define the outer perimeter of the central uplift (Fig. 3.1). However, 
they are not continuous along the base of the Pedra de Fogo Fm. (Fig. 3.2). Silicified sandstones 
of the Pedra de Fogo Fm. form the flat tops of the table mountain land and mesas surrounding the 
Serra da Cangalha structure. As the strata of the Parnaíba basin are flat lying, an altitude of 400–
420 m defines the transition between the Piauí and Pedra de Fogo formations. The area between 
the outer perimeter of the central uplift and the table mountains is only poorly and scarcely 
exposed, and mostly covered by soil and fluvial deposits. The occurrence of Pedra de Fogo Fm. 
in the crater moat could be verified only locally, e.g., by findings of Permian fossils such as 
Psaronius Brasiliensis (petrified wood) (Dias-Brito et al. 2007). 
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Fig. 3.4- Field photographs from the Serra da Cangalha impact structure. Locations of photographs are shown in Fig. 
3.1. A) Gently inward (toward the crater center) dipping beds of Piauí Fm. sediments in the outer NW sector of the 
crater syncline. Strata are folded at the meter scale. The outward-directed vergency of the folds indicates top-outward 
motion that might be related to the excavation flow. Viewing direction is toward the central uplift (in SE direction). 
B) View along the southern crest of the collar of the central uplift toward the W. Note the oblique strike of the 
sandstone ridges with respect to the concentric trend of the collar. C) View along the northwestern and western collar 
toward the S. White rectangles indicate areas shown in photographs (D), (E), and (F): D) Strata of the Poti Fm. 
dipping toward the center of the structure and indicating overturning. E) Overturned beds of the Poti Fm. in the 
western collar of the central uplift. Beds show intense buckle folding at the meter scale. Fold axes and fold axial 
planes are horizontal (recumbent folds). F) Strata of the collar show prominent radial folding. The fold axis of the 
exposed fold plunges steeply toward the outside in its lower part and bends to an overturned orientation in its upper 
part. 
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Crater morphometry 
On satellite imagery, in particular SRTM data, Landsat, and ASTER images, the Serra da 
Cangalha structure shows several discontinuous ring features. From the center to the rim, 
Reimold et al. (2006) distinguished (1) a central low-lying area of 2.2 km diameter, which they 
considered the collapsed central uplift of the structure, (2) a prominent inner circular structure 
with an outer perimeter of 3.2 km diameter, (3) a first intermediate circular feature with 
approximately 6 km diameter, (4) a second intermediate circular features at 11.0 km diameter, 
and (5) the crater rim with 12–13 km diameter (Fig. 3.1).  
Field analysis showed that circular features are a topographic effect that reflects 
concentric exposures of lithologies with different resistance to erosion. The central depression 
corresponds to the exposure of Longá Fm. Reimold et al.’s (2006) inner circular structure is a 
prominent collar built up by massive silicified sandstones of the Poti Fm. The 200–370 m high 
collar is part of the central uplift of the structure, and is 2650–3075 m in diameter (mean Ø = 
2830 m). The collar has a somewhat quadrangular, kite-like shape, and is open to the NNW 
(Adepelumi et al. 2004) (Figs. 3.1 and 3.2). 
The first intermediate circular feature is formed by cliffs of steeply to vertically dipping 
brecciated chert and quartzites that form the lowermost unit of the Pedra de Fogo Fm. These 
concentric ridges are discontinuous, but stratiform. The formation of the ridges correlates with 
the degree of silicification of the strata and the formation of chert during diagenesis. The first 
intermediate circular feature delineates the central uplift at a diameter of 5300–6500 m (mean Ø 
= 5800 m). 
The second intermediate circular feature of Reimold et al. (2006) is a subdued 
topographic elevation. It partly correlates with concentrically trending folds and monoclines 
within the ring syncline system, and some outcrops of chert breccias and silicified sandstones of 
the Pedra de Fogo Fm. The second intermediate circular feature roughly correlates with the 
perimeter of the occurrence of strata tilted due to impact crater collapse. The outer perimeter of 
the structure, interpreted as the crater rim affected by erosion, is topographically expressed by the 
termination of undeformed and flat lying table mountain and mesas. The abrupt termination of 
table mountains, in particular, in the southern part of the structure, indicates the presence of a 
concentric fault system. However, the throw is locally resolved as only a few meters. The current 
outer perimeter of the crater structure ranges from 13,000 to 14,000 m (mean Ø = 13,730 m). The 
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structure has been widened slightly since impact time as the head scarp of the concentric normal 
fault has been eroded. In the northwestern sector of the crater, a concentrically trending 
monocline, whose inner limb dips toward the crater center, can be observed inside the crater rim 
(Fig. 3.4A). The region outside the crater is represented by a table mountain land dissected by 
fluvial drainage systems. The ratio of the diameters of the central uplift and the diameter of the 
outer rim fault is 0.42. McHone (1986) estimated a stratigraphic uplift of 740 m based on 
summation of stratigraphic thicknesses. This is in accordance with our analysis (Vasconcelos et 
al. 2010b). The application of the empirical relationship between the stratigraphic uplift SU and 
the crater diameter D for terrestrial craters, SU = 0.006 D1.1 (Grieve et al. 1981) would result in 
an uplift value of approximately 1000 m. 
Lineament analysis 
Lineaments were mapped on CBERS-2B⁄HRC images inside and outside the crater to 
distances of more than 10 km from the crater center (Figs. 3.5 and 3.6A). Lineaments are 
interpreted as fracture planes and joints. These joints partly control the shape of escarpments and 
monadnocks in the crater rim zone and outside the crater, and influence the density of the 
vegetation cover. Our statistical analysis is based on more than 6200 digitized lineaments. Two 
prominent joint sets occur and strike at 102
o
 (ESE–WNW) and 12o (NNE–SSW) both inside and 
outside the crater (Figs. 3.5 and 3.6). However, within the crater the scattering in orientation is 
larger and nearly all possible strike orientations occur. Joints of the 102
o
 set are statistically the 
longest with lengths of up to 1000 m (Fig. 3.6B). There are no indications for concentric or radial 
lineament orientations within the crater.  
The main joint sets at 102
o
 and 12
o
 appear to be unaffected by the presence of the crater, 
suggesting that they were formed after the impact or, if they were in existence prior to the impact, 
they were reactivated since the impact. These joints, thus, belong to a regional geological 
network of fissures of the Parnaíba basin and formed in a long-lasting and stable tectonic stress 
field. The NNE–SSW joint set is roughly coincident with the direction of the anomalous regional 
trend, which overlaps the magnetic data (Vasconcelos et al. 2010a). Impact-induced fracturing 
might be responsible for the large scattering of lineament strike orientations inside the crater 
structure. Almost all possible orientations are present, but the strike interval of 30–60o is 
seemingly under-represented. 
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Fig. 3.5- Lineaments and fracture network of the northern and central part of the Serra da Cangalha impact structure 
as well as part of the region outside of the crater structure. Note that the two dominant sets of lineaments (NNE–
SSW and ESE–WNW) occur both inside and outside the crater structure, thus postdating the impact event. 
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Fig. 3.6- A) Strike orientation of lineaments ⁄ joints as a function of their distance from the crater center. A distinct 
maximum of strike values occurs at 10
o
 (NNE–SSW) and at 105o (WSW– ENE), for the entire radial variation. 
However, the variability in strike is particularly large at 2 and 6 km radial distance. B) WSW–ENE striking 
lineaments are among the longest and reach lengths of >1000 m. 
 
 71 
 
Faults 
Figures 3.2 and 3.7 show the mapped faults over the area of the entire crater and within 
the area of the central uplift, respectively. We mapped 435 faults with variable offsets and 
throws. The histogram in Fig. 3.8A shows that radial faults dominate over concentric ones (Fig. 
3.8A). Figure 3.8B demonstrates that faults occur in every sector of the crater and show a wide 
variety of orientation with respect to the crater center. A concentration of faults with a strong 
radial component seems to occur in the ENE sector (60–90o) and in the SW sector (180–270o). 
Along these faults, blocks have been displaced stepwise forming domino-like stacks, as indicated 
in Fig. 3.3. The dominance of E–W (95o) striking faults correlates with the main lineament set 
and suggests that at least the ESE–WNW striking joint system must have been present prior to 
impact as planar zones of weakness. Joints were then activated as faults, where they have been in 
favorable orientation for slip. Major faults that correlate with the ESE–WNW striking regional 
joint system developed mainly in the southern part of the collar of the central uplift. They dissect 
the collar obliquely (Figs. 3.4B and 3.7). In the northern part of the central uplift some N–S 
striking faults developed that might be responsible for the erosive degradation of the collar in this 
sector of the crater. 
Bedding and folding 
In the table mountain land outside the crater structure, beds are usually lying flat or show 
only a slight warping. Along the outer limb of the crater syncline, gentle dips toward the crater 
interior were found. Statistical analysis of all measured bedding planes shows that they 
dominantly strike concentrically (Fig. 3.9A), although the scatter is quite large. The standard 
deviation is ±38
o
 of concentric deviation for all bedding data. The outer perimeter of the central 
uplift is marked by the sudden appearance of vertical beds of chert breccia (Fig. 3.7), which 
sometimes occur in en-echelon arrays and form narrow morphological ridges. The dip of strata 
within the collar changes with radial range, topographic altitude, and with the azimuthal position 
of the collar to the center. Although strata at the outer slope of the collar, near the transition from 
Poti Fm. to Piauí Fm., usually show steep, but normal dips, exposures along most parts of the 
inner slope near the transition to Longá Fm. display vertical or overturned beds. The same holds 
with elevation: overturned beds are particularly frequent at or near the crest of the collar. It is 
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remarkable that almost all strata are overturned in the N, NW, and W sector of the inner collar 
(Fig. 3.3). The deviation from concentric strike and its statistical scattering increases with 
decreasing radial distance from the center. Although standard deviation of concentric strike is 
±33
o
 near the rim and along the moat (>4000 m distance from the center), the standard deviation 
increases to ±45
o
 along the collar (<2000 m distance from the center). This means that virtually 
all strike directions occur.  
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Fig. 3.7- Geological map of the central uplift of the Serra da Cangalha impact structure as revealed by field mapping 
supported by remote sensing analysis. The gross structure is that of a dome with the oldest rocks exposed in the 
center surrounded by successively younger strata. Brecciation of the Longá Fm. is too intensive to be mapped in 
detail. Strata mostly dip steeply or vertical. Overturning is most common in the northern half of the collar. 
 
 
Fig. 3.8- Orientation of faults mapped in the central uplift. A) Histogram of the concentric deviation of faults with 
respect to the crater center. See text for details. The majority of faults strike radially. B) Azimuthal position of faults 
(with respect to the center of the impact structure) versus the concentric deviation of these faults. Faults in the central 
uplift are particularly frequent in the eastern sector (45–110o azimuthal position) and in the southwestern sector of 
the collar (165
o– 270o). The majority of these faults strike radially. 
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The increased scattering in concentric deviation has two causes: Firstly, folds frequently 
occur in the collar (Fig. 3.7). Most fold axes plunge radially outward, so that strike orientation of 
beds in the limb produces a large variety of strike orientations (Fig. 3.4F). A rule of thumb in 
central uplifts is that the fold amplitude increases, whereas the fold wavelength decreases with 
decreasing radial distance. Thus, folds become increasingly tight until one of the limbs is sheared 
off. Radial fold formation is a spatial requirement during crater collapse and central uplift 
formation, as has been documented in a number of studies (Kriens et al. 1999; Kenkmann et al. 
2005, 2010b; Kenkmann and Poelchau 2009). Secondly, blocks bounded by faults show block 
rotation of variable degrees during translation, and this has caused strong deviations from 
concentric strike. Major slip planes for block translations are the preimpact, E–W striking joint 
sets (Fig. 3.4B) that were impact-activated especially in the southern part of the collar. 
The overturned strata of the collar often show buckle folding at the meter scale to 
decameter scale (Fig. 3.4E). Buckle folding especially occurs in a layered rock sequence if a 
competence contrast between adjacent layers exists and flexural slip is possible. The observed 
buckle folds are recumbent folds and have horizontal or moderately dipping axial surfaces and 
subhorizontal fold hinges. Buckle folds may have been developed when the strata were tilted to a 
vertical position. If that is true, they document the loading caused by the weight of the central 
uplift. Buckle folding may thus indicate the onset of gravitational collapse of the central uplift 
under its own weight. 
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Fig. 3.9- Strike of bedding planes with respect to the crater center. A) The histogram indicates that concentrically 
striking beds are statistically the most frequent ones in the crater structure. However, the peak in the histogram is not 
exactly at 0
o
 degree concentric deviation, but at 10–15o. B) Concentric deviation of strike versus distance from the 
crater center. Beds predominantly strike concentrically near the crater rim. In the periphery of the central uplift (2–3 
km distance from the center, in Piauı´ Fm.) deviation from concentric strike varies from) 60 to +60o. Along the collar 
(at approximately 1.5 km distance from the center, in Poti Fm) the entire range of strike orientations occurs. 
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Microdeformation and mesodeformation structures 
Macroscopic fracture surfaces have been described and were interpreted as shatter cones 
by McHone (1979). We found rare samples of shatter cones of <1 decimeter size in coarse 
sandstone of the Longa´ Formation (Fig. 3.10A) on an isolated hill in the central crater 
depression inside the central uplift. The exact location is given in Figs. 3.7 and 3.10A. These 
shatter cones display a characteristic cone geometry with convergent grooves and ridges pointing 
to an apex (Fig. 3.10A). However, due to the coarse-grained character of the host lithology, the 
morphology of the surfaces is poorly resolved. The conical forms are built by numerous subcones 
(so-called horse-tailing). Cone angles are commonly 50–60o. Rare monomict and polymict 
breccias (Fig. 3.10B) were also found in the central depression and in the periphery of the central 
uplift. However, occurrence of polymict breccias as allochthonous infill of the crater moat could 
not be demonstrated. Brittle fracturing at the microscale, mesoscale, and macroscale is a 
ubiquitous feature of rocks exposed in the central uplift (Figs. 3.10C and 3.10D).  
 
Fig. 3.10- A) Shatter cones formed in coarse-grained sandstone of the Longá Fm. in the central-northwestern sector 
of the central crater depression. Sample location: (295180m E⁄ 9106870m N). B) Polymict lithic breccia containing 
angular and subrounded quartz and claystone fragments embedded in a variegated matrix. Sample stems from the 
tectonized stratigraphic transition between Longá Fm. and Poti Fm. in the central-northwestern sector of the central 
crater depression. Sample location: (295,193 m E⁄ 9106894 m N). C). Stair-stepping and cross-cutting arrangement 
of small-scale fractures with millimeter to centimeter displacements in sandstone from the Poti Fm. Sample location: 
(295899 m E⁄ 9107743 m N). 
 
Microbreccias from borehole GT-01-GO (295860m E⁄ 9106341m N), situated in the 
innermost part of the central uplift, exhibit quartz grains with narrow-spaced straight lamellae, 
which are interpreted as basal planar deformation features (PDFs) (Fig. 3.11A). However, we did 
not find cross-cutting sets of lamellae. The thorough statistical analysis of possible PDFs and 
characterization of the amorphous state is beyond the scope of this article. Planar fractures (PFs) 
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and so-called feather features (FFs) (French et al. 2004; Poelchau and Kenkmann 2011) (Figs. 
3.11B and 3.11C) have been found in polymict breccias from the central depression and in 
sandstones from the collar. FFs occur as short, parallel to subparallel lamellae, with spacings 
similar to that of PDFs. These lamellae are always found in combination with a PF. FFs are 
crystallographically controlled; (0001), {10–11}, {11–22} orientations are common, and {10–
13} and {10–12} orientations are lacking. French et al. (2004) interpreted FFs as incipient PDFs. 
Poelchau and Kenkmann (2011) showed that their formation is linked to shearing along the 
associated PFs during the release from shock pressure in the low shock-pressure regime. The 
orientation of FFs in rock samples is suggested to be controlled by the direction of the principal 
axis of stress, with sheared PFs being oriented at approximately 45
o
 angles to the axis and most 
FF lamellae aligned parallel to the axis. 
4. DISCUSSION 
Serra da Cangalha: complex impact structure with a central uplift 
The central uplift of this complex impact structure is compositionally heterogeneous with 
relatively incompetent beds in the center (Longá Fm.) surrounded by more competent massive 
sandstones (Poti Fm.). Ringlike features described by Reimold et al. (2006) are formed by 
selective erosion of the strata that have been uplifted to a central dome. Rocks are frequently 
overturned, in particular in the northern and western part. The central uplift shows signs of 
gravitational instability and collapse in the form of buckle folding of vertical and overturned 
strata (Fig. 3.4E), and overturning of beds in the upper part of the central uplift.  
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Fig. 3.11- A) Quartz with a single set of narrow-spaced (0001) planar deformation features (PDF) across a low angle 
grain boundary and a {11–22} planar fracture found in microbreccia from borehole GT-01-GO at approximately 90 
m depth. Sample location: (295860 m E⁄ 9106341 m N) (viewed with crossed polarisers) (U-stage data by courtesy of 
Michael Poelchau, University of Freiburg). B) Feather features formed along the (0001) plane in quartz emanating 
from a planar fracture. Sample location: (295555 m E/9104510 m N). C) Abundant planar fractures (PF) in quartz 
grain from samples of polymict breccias found in the central crater depression. Sample location: (295180 m 
E/9106870 m N). 
 
Effect of impact obliquity? 
Recently, a number of field studies were carried out to elucidate the effect of an oblique 
impact onto the internal structure of the subsurface (e.g., Schultz and Anderson 1996; Scherler et 
al. 2006; Kenkmann and Poelchau 2009; Kenkmann et al. 2010b). Effects of impact obliquity on 
crater modification and the associated subsurface structure have long been neglected or even 
ruled out. One interesting exception is the paper by Boon and Albritton (1936) who suggested 
that an oblique impact should exhibit bilateral symmetry in the deep crater floor. Nonradial 
structural features indicative of an oblique projectile incidence are (1) dominance of a specific 
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thrust direction within a central uplift (top down range), (2) bilateral symmetry and elongation of 
the central uplift, which may be divided into two parts, (3) occurrence of radial anticlines and 
synclines, preferentially parallel to the symmetry axis, (4) occurrence of normal dipping strata 
uprange and overturned strata downrange, and (5) normal plunging radial fold axes in uprange 
and overturned plunging fold axes in downrange direction. These deformation features suggest a 
downrange transport of rock and a central uplift that is initiated uprange and migrates downrange 
as the central uplift and crater grow to their final size. The validation of these features as 
diagnostic tools to infer the impact direction was possible at the elliptical impact structure Matt 
Wilson, Northern Territories, Australia (Kenkmann and Poelchau 2009), as well as for Martin 
crater on Mars, where an asymmetric ejecta blanket provided independent proof of the impact 
trajectory (Poelchau et al. 2009). These findings are in agreement with flow fields inferred from 
numerical models of oblique impact cratering (Shuvalov and Dypvik 2004; Elbeshausen et al. 
2007).  
The central uplift of Serra da Cangalha (Fig. 3.7) shows some asymmetries that match the 
presented criteria and could be indicative for an oblique impact. These are (1) the quadrangular, 
kite-like shape of the collar with a symmetry plane NNE⁄SSW, (2) an elongation of the central 
uplift’s collar along the NNE⁄SSW diagonal, (3) the preferred overturning of strata in the northern 
to western sectors (Fig. 3.3), and (4) the dominance of E–W striking (faults crossing the collar 
obliquely and delineating equally oriented blocks).  
Features (1), (2), and (4) may be interpreted in terms of an impact either from the NNE or 
from the SSW. Feature (3) defines a trajectory that is oriented more NNW–SSE and makes an 
impact from the SSE more likely. From experience with other oblique impact structures such as 
Upheaval Dome, Matt Wilson, Spider, Gosses Bluff, and Waqf as Suwwan, features (3) and (4) 
have the greatest significance for reconstructing the impact direction. However, the dominance of 
E–W striking faults at Serra da Cangalha as an argument for an impact trajectory perpendicular to 
strike is arguable as this correlates with the preimpact joint system. We conclude that signatures 
for an oblique impact are present at Serra da Cangalha, though not pronounced and also 
overprinted by effects related to target heterogeneity (see the Effect of Target Heterogeneities? 
section). Collectively, however, they suggest an impact from a southerly direction of unknown 
incidence. 
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Effect of target heterogeneities? 
Heterogeneous targets influence style and degree of crater excavation and collapse and, 
thereby, the final geometry of impact structures (Eppler et al. 1983; Öhman 2009 and references 
therein; Öhman et al. 2010). The contrast in strength of the rocks involved in the cratering 
process and the spatial arrangement of zones of weakness determine how intensely such 
heterogeneities affect the stress and strain distribution, and the resulting cratering flow field in the 
target. For instance, the vertical arrangement of a pre-existing rectangular joint and fissure pattern 
at Barringer crater (Meteor Crater), Arizona, USA, resulted in a more efficient excavation flow 
along the fissures (Eppler et al. 1983; Poelchau et al. 2009) than between them. In polygonal 
complex impact structures, crater modification obliterates the excavation flow and the straight 
segments are mostly parallel to the zones of weakness (Eppler et al. 1983).  
The presence of a horizontal layering with alternating competent and incompetent beds, 
which is typical for sedimentary basins, also causes a substantial strength anisotropy. The critical 
resolved shear stress for bedding-parallel movements is much less intense than for movements 
perpendicular to the layers. This can result in the formation of low-angle faults and detachments 
during crater collapse, whereby strain is localized into the weaker beds. Collins et al. (2008) have 
shown that a horizontal layering of the target can affect the intensity of crater collapse, and also 
expands the zone of collapse.  
The Serra da Cangalha impact structure shows both types of heterogeneities (1) a 
horizontal rheological stratification with interlayered competent (sandstones) and incompetent 
(shale) sediments, and (2) a prominent orthogonal system of vertical joints trending NNE–SSW 
and WNW–ESE. Despite some irregularities, the outer crater perimeter shows straight segments 
on the north, west, and south sides, which run parallel to the mapped joint sets (compare Figs. 
3.1, 3.2, and 3.5). This is in accordance with polygonal complex craters (Eppler et al. 1983; 
Öhman et al. 2010). Joints near the crater rim were most likely reactivated as normal faults and 
then accommodated downfaulting of slump blocks into the crater cavity during crater 
modification. Thus, crater rim faults adopted the orientation and the straight extent of the joints.  
The central uplift also has an angular character and a shape resembling a deltoid or kite (a 
quadrilateral with two disjoint pairs of congruent adjacent sides), at least when tracing the crest 
line of the collar. The diagonals of the kite run roughly parallel to the main preimpact joint sets. 
The rectangular joint system and the bedding planes were rotated during the formation of the 
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central uplift. If we assume, for the sake of simplicity, a rotation by 90
o
 throughout the central 
uplift in such a way that bedding planes were rotated into a vertical position (which is a 
reasonable approximation), the passive rotation of the joints would have led to the following 
constellation. (1) In the WNW, NNE, ESE, and SSW sectors of the central uplift one set of joints 
remained in vertical position in each case and was unaffected in orientation, whereas the other set 
was moved into a horizontal position. (2) In all other sectors, both joint sets changed their 
orientation during rotation and assumed final dips of variable attitude (Fig. 3.12). More 
specifically, ESE–WNW striking joints kept their orientation in the WNW and ESE sectors 
during central uplift formation, whereas SSW–NNE striking joints kept their orientation in the 
NNE and in the SW sectors. 
In this simplified model, all strata would dip vertically and strike concentrically. This is in 
contrast to our mapping results that show partly strong concentric deviations of strata in the 
central uplift. We assume that those joints that did not change their dip and strike during central 
uplift formation, largely controlled the deformation, and possibly induced a block-wise rotation 
of strata. The quadrangular shape of the collar of the central uplift is not caused by beds that 
strike parallel to straight segments. The latter is known from the central uplifts of the Vredefort 
Dome, South Africa (Antoine et al. 1990; Wieland et al. 2005), or the Araguainha structure, 
Brazil (Lana et al. 2007). The most prominent features in these crater structures are kilometer-
long straight ridges that are separated by radial fault zones. The angular shape of the central uplift 
of the Serra da Cangalha impact crater is rather a product of the blockwise disintegration of the 
target. 
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Fig. 3.12- Pre-existing joint sets along NNE–SSW (plane ‘‘a’’) and WNW–ESE (plane ‘‘b’’) are rotated during 
central uplift formation. The orientation of a planes ‘‘a’’ and ‘‘b’’ remains unaffected during tilting only, if the 
planes strike radially with respect to the impact center, e.g., plane ‘‘a’’ in (i) or plane ‘‘b’’ in (iii) they keep their 
orientation (strike and dip is constant before and after the rotation) during rotation, whereas in (ii) planes ‘‘a’’ and 
‘‘b’’, they change their orientation. Thus, in the ESE and WNW sector of the crater, the WNW–ESE striking joints 
did not change their orientation during central uplift formation, whereas in the SSW and NNE sector of the crater, the 
NNE–SSW striking joints remain unchanged. 
 
5. CONCLUSIONS 
Main results of this geological and structural survey of the entire Serra da Cangalha 
structure are: 
1. New shatter cone findings and the occurrences of PFs, FFs, and possible PDFs along 
with the structural data support the impact origin of Serra da Cangalha. 
2. Serra da Cangalha is a complex impact structure formed in flat lying Devonian to 
Permian sedimentary rocks and has a current crater diameter of 13,700 m and a central uplift 
diameter of 5,800 m. A lower limit for the stratigraphic uplift is 700 m. Circular features 
observed in remote-sensing imagery are due to selective erosion of circumferentially striking 
beds of quartzitic sandstones and shales in the center of the crater. There are no indications that 
the morphological depression in the center of the central uplift is comparable to a central pit that 
is typical for many Martian impact craters (Barlow 2006). We roughly estimate approximately 
500 m of erosion since the time of impact. This estimate is based on the preserved shock features 
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in the central uplift that suggest peak shock pressures of not more than 10 GPa, and the apparent 
lack of allochthonous breccias fill in the crater moat. If the estimate of erosion is correct, the 
original crater diameter would have been 14–14.5 km. 
3. NNE–SSW and WNW–ESE striking joint sets were present prior to the impact. This 
tectonic strain field also overprinted the structure after its formation. As preferred zones of 
weakness, the preimpact joints partly controlled the geometry of the outer polygonal perimeter of 
the structure and, in particular, the deformation within the central uplift. Joints in radial 
orientation to the impact center did not undergo a change in orientation upon strata tilting during 
central uplift formation (e.g., E–W striking joints in the eastern or western sector of the central 
uplift). These planes played a dominant role during central uplift formation. 
4. The asymmetry of the central uplift with a preferred overturning of strata in the 
northern to western sector may suggest a moderately oblique impact from a southerly direction, 
although the structural signal is not strong and obliterated by effects caused by target 
heterogeneity. 
5. Buckle folding of tilted strata, as well as strata overturning indicates that the central 
uplift became gravitationally unstable at the end of crater formation. 
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ABSTRACT 
Remote sensing is an essential tool for the identification of potential impact craters and 
also for the characterization and geological interpretation of proven impact structures. The launch 
of high resolution sensors in the last decade allowed more refined studies of terrestrial impact 
craters, improving the knowledge about their spectral signatures as well as their morphological 
and structural characteristics. CBERS-2B is the third version of the China-Brazil Earth Resources 
Satellite, and it carries an innovative panchromatic camera (HRC) with a 2.5 m spatial resolution. 
We analyzed CBERS-2B/HRC images, in combination with digital elevation data from 
ASTER/GDEM, for a morphological study of the Serra da Cangalha (~13 km diameter) and 
Riachão (~4 km diameter) impact craters, both located in northeastern Brazil. These remote 
sensing data provided key information for analyzing their foremost morphological characteristics, 
as well as for performing a statistical analysis of the structural elements (lineaments) extracted 
from the images. These combined informations allowed to infer that they were probably not 
formed by the same impact event as previously suggested, despite the fact that the two craters 
apparently affect strata of similar age and are located only 40 km apart. Furthermore, our results 
suggest that, although they probably were both formed by oblique impacts, the impactor that 
formed Serra da Cangalha hit the Earth coming from a southerly direction, whereas the one that 
formed Riachão may have come from the northwest. 
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1. INTRODUCTION 
There are currently about 180 structures formed by impacts of large extraterrestrial 
bolides known on Earth (http://www.unb.ca/passc/ImpactDatabase/index.html). Only 8 of them 
are located in South America, and 6 of these are located in Brazil (Crósta, 2004, Crósta et al., 
2010). Most of the larger impact structures were initially identified based on the interpretation of 
remote sensing images. With recent advances in remote sensing technologies, the capacity to 
generate information in different regions of the electromagnetic spectrum has improved 
significantly, coupled with continuously increasing spatial and spectral image resolutions. These 
advances have brought substantial gains to the geological characterization of impact structures 
using remote sensing data.   
Serra da Cangalha (SdC) located in Tocantins State (Fig. 4.1) is a complex impact 
structure centered at 8°05’S/46°52’W with a diameter of ~13 km (Kenkmann et al., 2010). Its 
most prominent characteristics comprise a relatively well-defined crater rim and a well-exposed 
central uplift with a diameter of ~5.8 km. Early regional geological mapping of the structure was 
carried out in the 1960s by Petrobras for petroleum exploration purposes (Ojeda and Bembon, 
1966). Subsequently, more detailed mapping and the recognition of probable impact features 
were reported by McHone (1986), who also suggested that these two impact craters might have 
formed by a single impactor, after being split into two pieces during its passage through the 
Earth´s atmosphere. 
Some earlier remote sensing studies dealt with the morphologic features of SdC. 
Almeida-Filho et al. (2005) used data from the Advanced Spaceborne Thermal Emission and 
Reflection Radiometer (ASTER) sensor, in combination with a digital elevation model (DEM) 
from the Shuttle Radar Topographic Mission (SRTM), to produce perspective views of the crater 
by draping multispectral color compositions of ASTER bands over the DEM, and then 
characterizing its main morphological features. Reimold et al. (2006) used Landsat Thematic 
Mapper (TM) image associated with SRTM DEM in order to identify morphological features, 
such as the elevation of the crater rim, the presence of a central uplift and an inner ring, and to 
estimate the diameter of the structure. Recently Kenkmann et al. (2011) employed CBERS-2B 
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and WordView images combined with field data to analyze the structural deformation in SdC. 
The authors showed that this impact structure was formed by an impact from either SW or SE. 
 
Fig. 4.1- Location map for the Serra da Cangalha and Riachão impact structures within the domain of the Parnaíba 
Basin, northern Brazil. 
 
Riachão crater (Ria) is located in Maranhão State (Fig. 4.1), centered at 7°42’S/46°38’W. 
It was discovered by astronauts of the Apollo mission (McHone, 1979) and analyzed by McHone 
and Dietz (1978), using early Landsat images, who then catalogued it as another possible impact 
structure. According to these authors, Riachão has a diameter of ~3 km and a central elevation of 
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~1.5 km that resembles a central uplift. Based on its relative proximity to SdC (~47 km to the 
north) (Fig. 4.1) and similar geology, these authors raised the hypothesis that both these 
structures could have been formed by the same impactor. McHone (1986) carried out 
reconnaissance mapping of the structure but did not find enough evidence of shock 
metamorphism in Riachão rocks to support its impact origin.  
Our recent petrographic studies revealed the presence of diagnostic impact deformation 
features in the form of planar deformation features (PDF), and also of planar fractures (PF) 
(Maziviero et al. 2012). In 2007 a remote sensing satellite was jointly built by Brazil and China 
as part of the China-Brazil Earth Resources Satellite Program (CBERS). This was the third 
satellite of the CBERS series and it was named CBERS-2B. Among other sensors, it carried an 
optical instrument, the High Resolution Panchromatic Camera (HRC), capable of acquiring high 
spatial resolution images. 
This paper reports on the use of image data from CBERS-2B/HRC to investigate both, 
SdC and Ria impact craters. The results allowed a detailed characterization of their main 
morphological and structural features. The CBERS-2B image also allowed a detailed 
interpretation of the structural elements in the form of lineaments of both structures. In this way, 
lineaments inside and outside Ria impact structure were extracted and analyzed. Furthermore, we 
analyzed the lineaments for the entire SdC structure, thus complementing the analysis previously 
carried out by Kenkmann et al. (2011) for the central uplift area. The lineament analysis of the 
entire area of the two structures allowed a comparison of the structures of both craters. The 
combination of CBERS-2B/HRC image data with digital elevation data allowed us: (i) to 
recognize a precise outer limit for the Ria crater, which had not been established before; (ii) to 
obtain information related to the direction and angle of the trajectories of the impacting bodies; 
(iii) to compare the morphological signatures of both the craters in order to test the hypothesis 
that they were formed by the same impactor. 
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2. GEOLOGICAL SETTING 
The Parnaíba Basin is located in the Parnaíba Tectonic Province, in the north/northeastern 
regions of Brazil. Parnaíba is an intracratonic basin that covers Maranhão, Piauí, Tocantins, as 
well as Ceará states, with a total extent of >660.000 km
2
. The Basin has an elongated polygonal 
configuration, extended along the NE-SW direction; its current boundaries are mainly erosional 
and linked to tectonic reactivation of basement structures (Góes, 1995). 
SdC, located in Tocantins state (S8º04’, W46º51’), is a complex impact structure with a 
diameter of ~13 km, exhibiting several internal concentric structures. Its central uplift has a 
slightly quadrangular shape and diameter of approximately 5.8 km with a raised collar showing 
an opening in its NNW sector (Kenkmann et al., 2010) (Fig. 4.2a). The geology of SdC 
comprises, from the lowermost to the uppermost unit, the Paleozoic Longá, Piauí, Poti and Pedra 
de Fogo formations. Dark shales of the Devonian/Lower Carboniferous Longá Formation 
constitute the oldest rocks exposed at Serra da Cangalha and they occur in the inner basin within 
the central uplift. The Poti Formation comprises sandstones and claystones of Lower 
Carboniferous age that form the raised collar of the central uplift. The Piauí Formation surrounds 
the Poti Formation and both occur in the central uplift area. The Pedra do Fogo Formation is the 
youngest of the lithostratigraphic units at SdC and comprises sandstones and chert layers of 
Permian age that form the annular basin around the central uplift and the outer rim of the 
structure. The region outside the crater is characterized by table mountains incised by fluvial 
drainage systems (Reimold et al., 2006). The crater rim is a concentrically trending monocline, 
whose inner limb dips towards the crater center. The moat between the crater rim and the central 
uplift is a depressed region with a concentric drainage system and subdued ring features, forming 
an inner annular basin around the central uplift (Figs. 4.2b and 4.2c). A detailed description of the 
structural geology of SdC is given by Kenkmann et al. (2011). 
The Riachão impact structure, located in Maranhão State (S7º42’, W46º38’), has a 
diameter of 4.2 km (Fig. 4.2d and 4.2e), semi-circular complex structure, which was formed in a 
target consisting of Pennsylvanian (Upper Carboniferous) to Permian sedimentary rocks of the 
Parnaíba Basin. The current geometry of the rim of Riachão rim is similar to that of a horseshoe, 
with its northwestern part showing an opening (Fig. 4.2f). The crater rim is formed by 
sedimentary breccias and lithic sandstones. Both the breccias and the lithic sandstones are tilted 
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with dip angles >40º and dip direction usually towards the opening of the crater rim in the 
northwest (Mazivieiro et al., 2012). The Riachão impact structure rises to a maximum of 50 m 
above the surrounding terrain, whereas the central uplift rises about 30 m above the floor of the 
structure. 
 
Fig. 4.2- Topography derived from ASTER GDEM- Global Digital Elevation Model- showing the SdC impact 
structure with its prominent morphological features including the crater rim, central uplift (CU) and collar with their 
respective dimensions. (b) Topographic profile of SdC along the direction G-H. (c) Topographic profile of SdC 
along the direction I-J.  (d) Topography derived from ASTER GDEM- Global Digital Elevation Model- showing the 
Ria impact structure with its morphological features including the crater rim and central uplift (CU) with their 
respective dimensions. Note the open rim in the northwestern part of the crater. (e) Topographic profile of Ria along 
the direction K-L. (f) Topographic profile of Ria along the direction M-N.   
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3. DATA AND PROCESSING METHODOLOGY 
CBERS-2B images are available at no cost from the Brazilian Space Research Institute web 
site (INPE; http://www.cbers.com.br/). The HRC sensor acquires images in the visible to near-
infrared range (0.50 to 0.80 µm) as a panchromatic (black-and-white) image with a spatial resolution 
of 2.7 m. All the image data were projected to the Universal Transverse Mercator (UTM) zone 23 
South and Córrego Alegre datum. Due probably to navigational instrument errors the HRC scenes 
had a displacement of about 2.5 km to the northwest, which was corrected by applying a 
georeferencing procedure using ground control points. Image processing techniques such as contrast 
enhancement and filtering in the image domain were applied in order to enhance subtle structural 
lineaments and other geological structures. Digital terrain models were produced by using 
ASTER/GDEM- Advanced Spaceborne Thermal Emission and Reflection Radiometer/ Global Digital 
Elevation Model- with spatial resolution of 30 meters (Frey and Paul, 2011),  downloaded from 
http://www.gdem.aster.ersdac.or.jp. Images and digital elevation data were processed using the 
Environment for Visualizing Images (ENVI) 4.2 and ArcGIS 9.3 software packages. 
Lineaments were visually extracted from the CBERS-2B/HRC image and converted into 
polylines, using ArcGIS software. Structural analysis of the lineaments for both the craters was done 
on separated quadrants (NW, NE, SW and SE), in order to observe whether there was any preferential 
trends and some relationship among them. Additionally, we analyzed the lineaments inside and 
outside the Riachão structure and the results were compared with those obtained from a similar 
analysis done by Kenkmann et al. (2011) for SdC. This was done by using rose diagrams and 
calculating the distances of the lineaments from the center versus their strikes. The coordinates for the 
“start”, “end” and “mid” points of each polyline were calculated to determine the distance of the lines 
from the center of the structure, and then used to calculate the strike values for the lineaments. All 
strike data were translated into angles between 0° and 180° to allow a comparison with the results 
obtained by Kenkmann et al. (2011) for SdC. 
The density of lineaments for SdC and Ria was calculated by applying the function “Line 
Density” available in ArcGIS. This function estimates the density of the lines around each cell (pixel) 
in km/km2 units. The calculation is done according to an imaginary circle, which in this case was set 
at 160 meter radius for Ria and 200 meter radius for SdC, drawn around the cell. The length of each 
lineament inside the circle is then summed and divided by the circle area. The lineaments were 
divided and plotted following the directions NW-SE, E-W, N-S and NE-SW, and then compared with 
the results provided by the rose diagrams. 
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4. RESULTS 
The morphology of Serra da Cangalha  
The inner collar of the central uplift of SdC rises above 360 meters in relation to the 
surrounding terrain, and is open in the northwestern part. It also rises above the prominent outer 
rim consisting of plateaus with flat-laying and undeformed strata (Reimold et al., 2006; 
Vasconcelos et al., 2011). Within the SdC structure, in the moat between the crater rim and the 
collar of the central uplift, there are two inner ridges, somewhat discontinuous due to erosion. 
Reimold et al. (2006), based on ASTER image analysis in combination with SRTM DEM data, 
had already pointed out these two features.  
The CBERS-2B/HRC image was used in this study in combination with ASTER/GDEM 
data, to map these annular ridges in detail. The first ridge (at ~2.8 km radial distance from the 
center) is better preserved than the other and marks the boundary between the central uplift and 
the annular basin (Fig. 4.3). In addition, the rocks that occur in the zone within this boundary 
have revealed essentially all the shock (impact-related) deformation features that have been 
identified at SdC to date (Vasconcelos et al., 2010a; Kenkmann et al., 2011). The second ridge, at 
~5.0 km radial distance from the center, is located near the crater rim (Fig. 4.3). It is possible to 
observe on the CBERS-2B/HRC image that this ridge is deformed, exposing folded strata, and 
that it is not as continuous as the inner ridge, having probably been subject to higher rates of 
erosion than the latter. Moreover, there are more subtle elevated crests within the annular basin, 
which may be related to remnants of other heavily eroded ridges, and they can also be clearly 
seen on the CBERS-2B/HRC image. 
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Fig. 4.3- 3D view (towards West) of the Serra Cangalha impact structure based on the CBERS-2B/HRC image 
combined with ASTER GDEM elevation data. It illustrates the main morphological and structural elements of the 
crater: the outer rim, annular basin, the inner collar, the most pronounced topographic elevation inside the crater, and 
the two prominent ridges of the interior. 
 
The morphology of Riachão  
The CBERS-2B/HRC image allowed to obtain a detailed view of the morphology of the 
Riachão impact structure. The image revealed well defined topographic slopes that were used to 
determine the boundaries between the rim and the annular basin, and between the latter and the 
central uplift. As a result, it is possible to observe that Riachão is a complex crater with a slightly 
elliptical shape with its elongation trending NW-SE, with major and minor axes 4.2 km and 3.8 
km in length, respectively. Its outermost boundary was delimited based on the highest 
topographic elevations before the external slope of the rim (Fig. 4.4). Its central uplift also shows 
an elliptical shape trending along the same NW-SE direction, with major axis of 1.4 km. Another 
outstanding feature is that Ria has a depressed northeastern rim, which is crossed by a drainage 
along NE-SW (Fig. 4.4). The same appearance of depression is also observed in the northwestern 
part of the central uplift.  
 101 
 
 
Figure 4.4- 3D view (towards southeast) of the Ria impact structure based on the CBERS-2B/HRC image combined 
with ASTER GDEM elevation data. It illustrates the main morphological and structural elements of the crater: the 
outer rim, depressed rim in the northwestern part of the rim and annular basin. 
 
Analysis of lineament trends 
In the context of the structural deformation associated with impact craters, lineaments 
usually represent the intersection of joint and fault planes with the ground surface. For impact 
craters formed on previously undeformed sedimentary strata (Bizzi et al., 2003; Góes, 1995), 
such as in the cases of SdC and Ria, lineaments may also indicate bedding and folded strata. 
Lineaments associated with crater structures are expressed as textural elements of linear nature, 
organized as sets of lines or as single lines, frequently exhibiting two types of spatial patterns: 
radial and concentric. These patterns are the final product of the combination of the deformation 
processes typical of crater formation, characterized by the following stages (French, 1998): 
contact/compression, excavation, and modification/collapse. During these stages of cratering, the 
stress field changes from a compressional to an extensional regime, thus producing these 
lineaments patterns  
For the characterization of the different patterns of lineaments within SdC and Ria we 
have separated these impact structures into four different sectors: NW, NE, SE and SW. The 
lineament analysis was then carried out separately in these sectors, in order to verify whether or 
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not there was a directional component in the spatial distribution of the lineaments in each sector. 
A total of 9,027 lineaments were extracted over the area of SdC. The NW, NE, SW and SE 
sectors of the interior of SdC produced an average of 1,700 lineaments per sector. In addition, all 
the lineaments inside and outside the crater, as well as inside the central uplift area, were 
analyzed together in order to compare them.  
The first observation regards the spacing of the lineaments outside and inside the crater. 
Lineaments outside SdC are usually more spaced and associated with drainages and regional 
tectonics, whereas lineaments inside SdC are less spaced and associated with local deformational 
processes produced by the impact. The northwestern sector showed most variation of the strike 
values, concentrated around 290
o
 and 10
o
, with a less important E-W trend (Fig. 4.5a). The 
northeastern sector (Fig. 4.5b) and the southeastern sector (Fig. 4.5c) are very similar, showing 
most lineaments along the 280
o
-290
o
 direction. The southwestern sector (Fig. 4.5d) also shows a 
prominent trend along 290
o
, together with another conspicuous trend along N-S. When all 
lineaments inside SdC are analyzed together it is possible to see that both trends (NW-SE and N-
S) are also expressive (Fig. 4.5e). Observing the rose diagram of the lineaments outside SdC, the 
trend NW-SE is again present and, in addition, the N-S and NE-SW trends show up more 
prominently than in the interior of SdC (Fig. 4.5f). Finally, the rose diagram with the lineaments 
inside the central uplift has practically one single trend along the NW-SE direction (Fig. 4.5g).  
A map exhibiting the density of lineaments for SdC was produced and then compared 
with the respective rose diagrams (Fig. 4.6). It shows that most lineaments are concentrated in the 
northern rim and in the collar of SdC (Fig. 4.6a). The other density maps confirm that the N-S 
(Fig.4.6b) and E-W (Fig. 4.6c) trends are less significant, with 6 and 5 lineaments per km
2
, 
respectively. Most of the N-S lineaments are concentrated in the western part of SdC, whereas the 
E-W lineaments are spatially located at the central regions of SdC. The NE-SW trend is the 
second most frequent, with approximately 11 lineaments per km
2
 (Fig. 4.6d). The lineament 
density map for the NW-SE trend (Fig. 4.6e) confirms the result provided by the rose diagrams, 
which shows around 17 lineaments per km
2
 along this trend. It is clearly shown that most NW-SE 
lineaments are located in the central uplift.   
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Fig. 4.5- Lineaments extracted from the CBERS-2B/HRC image for the central uplift region of Serra da Cangalha. 
Lineaments inside SdC were extracted in four different sectors that were divided by the red line: (a) northwestern 
sector; (b) northeastern sector; (c) southeastern sector and  (d) southwestern sector. Furthermore, we analyzed: (e) all 
the lineaments inside the crater; (f) all the lineaments outside the crater; and (g) all the lineaments inside the central 
uplift. 
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Fig. 4.6- (a) Lineaments shown on the ASTER GDEM of Serra da Cangalha crater. Colors indicate lineament density 
per km
2
; (b) lineaments along N-S; (c) lineaments along E-W; (d) lineaments along NE-SW; (e) lineaments along 
NW-SE. The measurement unit is km/km
2
. White lines correspond to the outermost limit and central uplift of SdC.  
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A similar analysis was done for the entire Ria crater, also divided into the same sectors 
(NW, NE, SE and SW). A total of 3,822 lineaments were extracted from the HRC image of Ria 
crater, and the main strike directions (290
o
 and 310
o
) occur in practically all four sectors (Figs. 
4.7a, 4.7b, 4.7c and 4.7d, respectively). A secondary trend of lineaments occurs along the interval 
70
o
-90
o
. The diagram depicting all the lineaments associated with the Ria crater shows a 
summary of the previous observations: a conspicuous NW-SE trend, followed by a secondary 
ENE-WSW trend (Fig. 4.7e). The analysis of the lineaments outside Ria crater shows only NW-
SE structures (Fig. 4.7f). The diagram comprising all the lineaments inside the central uplift (Fig. 
4.7g) exhibits the most dispersive pattern, with diagram showing a NW-SE trend, followed by 
NNE-SSE and ENE-WSW trends, as shown in the diagram of Fig. 4.7e.  
 
Fig. 4.7- Lineaments extracted from the CBERS-2B/HRC image for Riachão crater. The figures show lineaments 
mapped in six different areas. The area inside the crater was divided and analyzed separately in four sector divided 
by the red line in figure: (a) northwestern sector; (b) northeastern sector; (c) southeastern sector and (d) southwestern 
sector. Furthermore, we analyzed: (e) all the lineaments inside the crater; (f) all the lineaments outside the crater; and 
(g) all the lineaments inside the central uplift.  
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The lineament density map for Ria shows that most structures are concentrated in the 
eastern part of the crater (Fig 4.8a). Looking at each sector separately, it can be seen that the main 
trend is along NW-SE (27 lineaments per km
2 
- Fig. 4.8e), whereas the others trends (Fig. 4.8c, 
4.8d, 4.8e) are not well expressed, having less than 12 lineaments per km
2
.  The analysis of the 
density of lineaments corroborates the previous analysis provided by the rose diagrams, which 
points out NW-SE as the foremost lineament trend of the Ria crater. The E-W and NE-SW trends 
comprise the secondary main trends of Ria.   
 
Fig. 4.8-(a) Extracted lineaments mapped on the ASTER DEM of Riachão crater. Colors indicate the density of 
lineaments per km
2
 (b) lineaments along NW-SE; (c) lineaments along E-W; (d) lineaments along N-S; (e) 
lineaments along NE-SW. The measurement unit is km/km
2
.  
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Statistical analysis of lineaments 
Lineament analysis carried out by Kenkmann et al. (2011) for the SdC crater and its 
surroundings showed that the most prominent strike trends occur in the 100
o
 and 20
o 
directions 
(Fig. 4.9a). They appear to be unaffected by the presence of the crater, suggesting that they were 
formed after the crater. Alternatively, if they were in existence prior to the impact event, they 
could have been reactivated since the impact. Also, lineaments along 100
o 
are statistically the 
longest, exhibiting lengths of up to 1,000 meters. For the Ria crater the plot showing the strike 
orientation of lineaments as a function of their distance from the center does not show as clear a 
pattern as the one for SdC and most lineaments have directions above 100
o
 (Fig. 4.9b).  
 
Fig. 4.9- Statistical plots of mapped lineaments for the Serra da Cangalha crater structure (left ) and the Riachão 
crater structure (right). (a) Strike orientations of lineaments as a function of their distance from the crater center 
(after Kenkmann et al., 2011). (b) Strike orientation of lineaments as a function of their distance from the crater 
center. A comparison of these two plots shows that the patterns of SdC and Ria are not the same. 
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5. DISCUSSION 
SdC crater exhibits a higher collar in comparison with its rim. At the center of the crater 
there is a depressed region that corresponds to the area of occurrence of the Longá Fm., 
comprising shales and fine-grained sandstones. The presence of these rocks at the center suggests 
that this difference in elevation of almost 250 meters (eg. Fig. 4.2b) may be due to differential 
erosion processes. Vasconcelos et al. (2010c) estimated the amount of erosion at the central part 
of SdC to be around 400 meters. The higher concentration of lineaments in the collar of SdC may 
be the result of a higher degree of structural deformation in that area, or, most likely, it may be 
related to the variable degrees of erosion. 
Figure 4.9a shows two preferential trends of lineaments observed in the SdC crater: 110
o
 
and 20
o
.This direction appears to be related to regional tectonic systems, as they extend beyond 
10 km from the center of the crater, practically out of the influence of the impact. Hence, if the 
NE-SW direction had existed prior to the formation of the SdC crater (a likely hypothesis in this 
tectonically stable intracratonic basin), it might have been locally reactivated by the impact event 
in the perimeter of the crater. Figure 4.5 shows a very prominent NW-SE trend present in all rose 
diagrams inside and outside SdC, what suggests that they are results of the deformation of the 
target rocks caused by the impact. Even if the structures along this trend were formed previously 
to the impact, they were probably reactivated by the impact.  
Hence, lineament patterns of SdC, combined with the NW opening of the collar and its 
asymmetry (Fig. 4.2), point towards a possible oblique impact with the impactor striking from the 
south. Our analysis of lineaments did not provide enough information about the impact angle. 
This is in partial agreement with the results presented by Kenkmann et al. (2011), which 
suggested an impact striking from a southerly direction that produced asymmetric deformation 
along SSW/NNW. 3D numerical simulations of oblique- impact events (Shuvalov and Dypvik, 
2004; Elbeshausen et al., 2007) also suggest that, while the asymmetry of the crater flow field 
decreases with time after the impact, it persists during the crater modification stage, and it is 
particularly visible in the center of the crater during formation of the central uplift. Thus, the 
impact direction may influence the deep central structure of a crater without leading to 
measurable deviations from a circular crater shape, as we observe at SdC. 
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Regarding the Ria crater, the combined analysis of CBERS-2B/HRC and ASTER/GDEM 
data provided the information for establishing its elliptical morphology. Craters exhibiting 
elongated shapes may be related to oblique impacts. Although the effects of oblique impacts are 
not yet fully understood, many laboratory experiments, as well as observations on Earth and in 
other planets, have been carried out in order to understand the formation of elliptical craters 
(Schultz, 1992, Scherler et al. 2006, Kenkmann and Poelchau, 2009,). Numerical studies have 
shown that shock waves produced by oblique impacts are roughly hemispherical in spite of the 
obliquity of the impact angle. Schultz (1992) and Pierazzo and Melosh (2000), based on 
observations of craters on the Moon, Mars and Venus, related the effect of impact angles and 
directions to the final shapes of craters and respective central peaks. According to their 
conclusions, craters resulting from oblique high-velocity impacts at angles higher than 10
o 
to 15
o
 
tend to show a circular final shape. At angles smaller than these the final craters tend to became 
elongated along the projectile’s flight direction (Melosh, 1989).  Also Bottke et al. (2000), 
through laboratory-scale experiments, observed that elliptical craters require impact angles as low 
as ∼5–12°. Forsberg et al. (1998) studied 16 lunar craters of various sizes and concluded that 
those formed by oblique impacts with impact angles between 15
o
 and 45
o 
exhibited a depressed 
rim in the uprange direction and an asymmetric ejecta pattern concentrated in the downrange 
direction. This scenario is similar to what we have observed in the Ria crater. Ria also presents 
similarities  with Greaves crater, a lunar crater with ~15 km in diameter. It is also elongated in 
the NW-SE direction and with a lower rim in the NW part; Herrick and Forsberg-Taylor (2003) 
interpreted this NW lower rim as an indicator of the uprange direction, with the projectile 
direction coinciding with the major axis.  
Figures 4.7 and 4.8 show a prominent NW-SE trend in all the sectors of Ria. This 
coincides with the direction of the axis of maximum elongation of Ria. The analysis of each 
sector  results in similar directions, meaning that Ria did not develop any radial deformation of 
the strata with the impact. The same NW-SE trend is observed for the lineaments outside the 
crater. These observations suggest that the NW-SE trend is a regional trend, established before 
the impact. It is noteworthy to mention the secondary ENE-WSW lineament trend within Ria, 
which is perpendicular to the major elongation axis of the crater and does not occur outside its 
boundary. The absence of this structural trend outside the crater suggests that they are strictly 
related to the impact. 
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The information provided by the lineaments reflects the deformation that the strata were 
submitted according to the direction and angle of the impact. Other impact craters on Earth 
recorded similar deformation of the strata. Such is the case of the Matt Wilson crater in Australia, 
which has been used as a model for the study of oblique impact craters on Earth (Kenkmann and 
Poelchau, 2009).  The structural analysis of the central uplift of Matt Wilson provides insights 
into the crater formation process for impact angles in the range between 10
o
 and 15
o
. These 
authors also observed that bedding planes strike mainly perpendicular to the long axis of the 
ellipse, similarly to what we have observed in part of the lineaments of Ria, as shown in rose 
diagram of the central uplift (Fig. 4.7g- lineaments along 80
o
).  
Therefore, the analysis of the morphology of the Ria crater, combined with the study of 
lineaments, suggests the following scenarios:  
(1) The elliptical shape of the crater and also of its central uplift suggests a NW-SE 
direction and an impact angle probably <15
o
. It should be noticed, however, that our comparison 
has been done with craters from Moon and from planets, which have different gravity regimes 
from the Earth.  
(2) The NW-SE impact direction is supported by the direction of the main lineament 
trends of Ria, similarly to what has been observed in the Matt Wilson crater. The most prominent 
NW-SE trend coincides with the major elongation axis of the crater and is assumed to be also 
coincident with the strike direction of the impactor; the secondary ENE-WSW trend is assumed 
to be perpendicular to the strike direction of the impactor. This latter trend is particularly 
observed inside Ria within its central uplift. (3) The depressed rim located at the NW part of Ria 
may be an indication of an impactor striking from NW (uprange direction) and impact angle 
between 15
o
 and 45
o
, which also reinforces the previous scenario. Furthermore, the fact that the 
same lineament trend occurs inside and outside of the crater probably means that structures from 
a pre-existing NW-SE direction, related to regional tectonics, may have been reactivated by the 
impact. 
Concerning the hypothesis previously put forward by McHone (1986), that both craters 
might have being formed by the same impact event, it would be expected in that case that both 
craters would exhibit similar deformational signatures. However, a detailed analysis of their 
morphological and structural features reveals that they are actually different. SdC is roughly 
circular with a quadrangular-shaped central uplift, whereas Ria is slightly elliptical with an 
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elliptical central uplift. Whilst SdC exhibits some asymmetries in the shape of its central uplift 
which, when associated with the results of the lineament analysis of lineaments, lead to an impact 
direction from the south, the depressed rim of Ria points out to an impact from NW. Therefore, 
although both craters exhibit structural characteristics possibly related to oblique impact events, 
our results suggest that they were probably not formed by the same impact event. 
 
6. CONCLUSIONS 
We have investigated the capability of high spatial resolution remote sensing data 
provided by the HRC sensor operating onboard the CBERS-2B satellite combined with 
ASTER/GDEM to perform a detailed structural analysis of the SdC and Ria impact craters. From 
the results we can conclude that the slightly asymmetric shapes of SdC, as well as the opening in 
the northwestern part of its collar, suggest an oblique impact from the south, most probably from 
SSE to NNW. The lineaments at SdC are arranged radially and it is possible to differentiate 
structures related to a major regional tectonic deformation event (NNE-SSW) from those 
resulting from the crater formation process (ESE-WNW), which are more conspicuous. 
 On the other hand, the slightly elongated shape of Ria crater along NW-SE, associated 
with the dominant NW-SE lineament trend and the depressed rim on the NW side, are in 
agreement with an impact angle <15
o
 from NW to SE. Ria shows a preferential direction along 
NW-SE related to the impact, as well as a secondary trend ENE-WSW, which is probably related 
to the deformation of strata perpendicular to the direction of the impact. The high number of NE-
SW lineaments within Ria is possibly related to the reactivation of pre-existing structures by the 
impact. The extracted lineaments for both craters point out the NW-SE trend as the main trend 
within the crater and in part of the region around them. Hence, the different morphological and 
structural features of Serra da Cangalha and Riachão craters suggest that the two structures were 
not formed by the same impact event, as previously suggested. 
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ABSTRACT 
The Phanerozoic Parnaíba sedimentary basin in the north-northeastern region of Brazil 
covers an area of ~600,000 km
2
 and contains a number of circular structures, four of which are of 
possible impact origin: Serra da Cangalha, Santa Marta, Riachão, and São Miguel do Tapuio. All 
four exhibit a central morphological feature resembling a central uplift, characteristic of complex 
impact structures. A recently acquired regional aerogeophysical survey provided magnetic and 
gravity data for the entire basin. The magnetic and gravity characteristics of the four possible 
impact structures of the Parnaíba Basin were analyzed in comparison with impact structures 
elsewhere in the world. The analysis shows that, except for the São Miguel do Tapuio structure, 
three of the structures exhibit geophysical characteristics similar to the signatures found in some 
known impact structures of comparable sizes that have formed in clastic sedimentary rocks. Serra 
da Cangalha structure exhibits magnetic highs and gravimetric lows, Santa Marta structure 
exhibits magnetic lows and gravimetric highs, Riachão structure depicts subdued gravimetric and 
magnetic highs, and the São Miguel do Tapuio structure shows a magnetic high and a complex 
gravimetric signature. Based on the observed geophysical signatures presented here, Serra da 
Cangalha, Santa Marta, and Riachão could be regarded as potential impact structures, whereas 
São Miguel do Tapuio is the least likely of these four structures to have been formed by an 
impact event. 
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1. INTRODUCTION 
The Parnaíba Basin is a Phanerozoic intracratonic sedimentary basin located in 
northeastern Brazil, covering over ~600,000 km
2
. The basin contains four circular structures for 
which the origins have been attributed to meteorite impact events: Serra da Cangalha, Santa 
Marta, Riachão, and São Miguel do Tapuio (Fig. 5.1) (Dietz and French, 1973; Crósta, 1987; 
Master and Heymann, 2000; Crósta, 2004; Romano and Crósta, 2004). Reports on the occurrence 
of impact-related features are only available for the first two structures, whereas the possible 
impact origin of São Miguel do Tapuio and Santa Marta are mostly based on circunstantial 
information.  
 
 
Fig. 5.1- Schematic geological map of the Parnaíba sedimentary basin showing the locations of Serra da Cangalha 
(Tocantins State), Riachão (Maranhão State), and São Miguel do Tapuio and Santa Marta (both in Piauí State) 
structures. 
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Serra da Cangalha and Riachão structures, for which diameters are reported in the 
literature to be 12 and 4.5 km, respectively, are positioned just 40 km apart (Fig. 5.1). They were 
studied by McHone (1986), who reported the occurrence of impact-related evidence, such as 
planar deformation features (PDFs) and shatter cones in the Serra da Cangalha structure, and 
polymict impact breccia at Riachão. However, his results were not published, and there is insuffi 
cient information available about the overall characteristics of these structures, and about 
diagnostic shock indicators, to conclusively corroborate an impact origin.  
The São Miguel do Tapuio structure, with 21 km diameter, and the Santa Marta structure, 
with 10 km diameter, are both located in Piauí State (Fig. 5.1), and there is even less geological 
information available for these structures. Their possible impact origin has been suggested based 
on their morphology and also on the lack of alternative explanations, rather than the actual 
identification of diagnostic impact evidence (Master and Heymann, 2000; Castelo-Branco et al., 
2004; MacDonald et al., 2006).  
These four structures were formed in relatively undeformed Paleozoic and Mesozoic 
clastic sedimentary rocks of the Parnaíba Basin. The involved sedimentary sequences range from 
Devonian to Triassic (Fig. 5.2), consisting of mostly sandstones. A recent low-resolution airborne 
geophysical survey was conducted by the Brazilian National Petroleum Agency (ANP) and 
acquired gravity and magnetic data over the entire Parnaíba Basin.  
The objective of this paper is to investigate the main geophysical characteristics of these 
four structures using the magnetic and gravity data recently acquired, and to compare them with 
similar data from known impact structures worldwide. The aim is to establish whether the Serra 
da Cangalha, Santa Marta, Riachão, and São Miguel do Tapuio structures exhibit surface and 
subsurface geophysical characteristics similar to those of other impact structures, thus 
contributing toward the debate over the origin of these four structures.  
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Fig. 5.2- Stratigraphic column of the Parnaíba Basin (modified from Góes, 1995). 
 
2. GEOLOGICAL SETTING 
Lithostratigraphic framework 
The Parnaíba intracratonic basin is located in the tectonic province of the same name 
(Góes, 1995). The basin was formed over a Cambrian-Ordovician rift system and is classified as 
an interior fracture–interior depression–type basin, according to the global basin classifi cation 
system of Kingston et al. (1983). Its sedimentary record (Fig. 5.2) consists of Silurian, Devonian, 
and Carboniferous-Triassic supersequences. The main sequences of the basement are the 
Neoproterozoic Riachão Formation (graywackes, arkoses, siltstones, shales, and ignimbrites), and 
the Cambrian-Ordovician Jaibaras Group (fluvial, alluvial, and lacustrine deposits filling graben-
type depressions; Góes and Feijó, 1994). The depth of the basement reaches a maximum around 
5000 m in parts of the basin (Góes and Feijó, 1994; Vaz et al., 2007).  
The sedimentary sequences of the Parnaíba Basin (Fig. 5.2) are, from bottom to top, the 
Serra Grande Group (Silurian), followed by the Canindé Group (Devonian-Carboniferous), and 
the Balsas Group (Carboniferous-Triassic). The Serra Grande Group is composed of 
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conglomerates and continental sandstones of the Ipu Formation, marine sandstones and shales of 
the Tianguá Formation, and a regressive sequence of sandstones and conglomerates of the Jaicós 
Formation. The Canindé Group is constituted by marine sedimentary rocks of the Itaim and 
Pimenteiras Formations, representing the transgressive cycle. The overlying sequence is 
composed of diamictites and deltaic sandstones of the Cabeças Formation, and transgressive 
shales of the Longá Formation, as well as regressive sandstones of the Poti Formation. The upper 
Balsas Group corresponds to a continental sequence of a predominantly eolian nature, but it also 
records marine incursions in sandstones, limestones, and evaporites of the Piauí Formation, 
overlain by sandstones, shales, and shallow water limestones of the Pedra de Fogo Formation, 
and shales and evaporites of the Motuca Formation. During the Triassic, the region was subjected 
to desertification, resulting in the deposition of the eolian sandstones of the Sambaíba Formation. 
Serra da Cangalha structure 
Serra da Cangalha was first detected as a dome structure during regional exploration work 
for oil/gas carried out in the mid-1960s by the Brazilian Petroleum Company (Petrobrás). In the 
early 1970s, the Brazilian Department of Mineral Production (DNPM) carried out mineral 
exploratory work on the central part of the structure, which was interpreted at the time as a 
possible buried kimberlitic intrusion. Three boreholes were drilled, which reached depths of 200 
m each, but these failed to find any evidence of an intrusion beneath the sedimentary rocks. Soon 
after the drilling activities were terminated, Dietz and French (1973) proposed a possible origin 
by meteorite impact, based on satellite image observation. This origin was later supported by 
McHone (1986), who first reported evidence of an impact origin for the structure.  
The Serra da Cangalha structure (Fig. 5.3A), with its center at 8°04′S, 46°51′W, is 
composed of sedimentary rocks ranging from the Devonian Canindé Group (Longá and Poti 
Formations) to the Permian Balsas Group (Piauí and Pedra de Fogo Formations) (Góes and Feijó, 
1994). The structure is surrounded by flat sandstone strata of the Triassic Sambaíba Formation. It 
is one of the largest structures of its type in Brazil, with a diameter of 12–13 km, according to 
Dietz and French (1973), McHone (1986), Crósta (1987), Adepelumi et al. (2005a), and Reimold 
et al. (2006). Serra da Cangalha exhibits a pronounced central ring with a diameter of 3 km, 
rising up to 200 m above the surrounding terrain (Fig. 5.3B). Based on Landsat Thematic Mapper 
imagery and the digital elevation model, Reimold et al. (2006) identified two subtle intermediate 
rings within the structure, with 6 and 10.5 km diameters, respectively, and a broad, complex 
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crater rim with an elevation of up to 100 m. They also identified regional deformation features, in 
the form of radial and concentric fracture patterns, limited to a maximum radial distance of 9.5 
km from the center of Serra da Cangalha structure, thus suggesting that the deformation 
associated with the structure may have reached up to 19 km in diameter.  
The stratigraphic sequence exposed in the Serra da Cangalha structure is made up of, from 
the uppermost to the lowermost unit, the Pedra de Fogo, Piauí, Poti, and Longá Formations (Fig. 
5.4). The Pedra de Fogo Formation underlies the rim of the structure, as flat-topped plateaus 
consisting of silty sandstones and chert of Upper Permian age (290–255 Ma). The Piauí 
Formation surrounds the central ring in an annular basin and underlies most of the inner area of 
the structure, being covered by the Pedra do Fogo Formation at the rim. The Piauí Formation 
consists of continental and marine shales, claystones, and sandstones of Permian/Carboniferous 
age (323–290 Ma). 
The Poti Formation is composed of sandstones of Carboniferous age (354–323 Ma) that 
form the central ring. Dark shales of the Devonian Longá Formation (365–354 Ma) constitute the 
oldest rocks at Serra da Cangalha; these are exposed within the inner basin of the central ring. 
McHone (1986) estimated a vertical displacement of 740 m for the central uplift, based on the 
regional stratigraphy of the Longá shales. He also estimated the age of the structure at a 
maximum of 250 Ma, based on the fact that it was formed in strata of Triassic age, or younger.  
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Fig. 5.3- (A) Digital elevation model (DEM) of the Serra da Cangalha structure using Shuttle Radar Topographic 
Mission (SRTM) data, represented as a three-dimensional perspective view. (B) Topographic section along A-B 
showing the rim and central ring of the structure. 
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Fig. 5.4- Geologic section across the Serra da Cangalha structure (after McHone, 1986). Profile location along A-B is 
shown in Figure 3A. 
 
Among the evidence for impact at the Serra da Cangalha structure, McHone (1986) 
described shatter cones in quartzite boulders from the base of the Poti Formation in the interior of 
the central ring. He also reported an unusual amount of deformation seen at macroscopic and 
microscopic scales, the presence of rhombic fractures, silicification, micrometer-diameter 
spherules within shatter cone fissures, and planar deformation features (PDF) in shatter cones. A 
magnetic and magneto-telluric study of the Serra da Cangalha structure was conducted by 
Adepelumi et al. (2005a, 2005b). The study placed the Precambrian crystalline basement at a 
depth between 1.1 and 1.5 km, and estimated the diameter of the structure at 12 km, based on 
horizontal and vertical gradients in the magnetic data. 
Santa Marta structure 
The Santa Marta structure was previously named “Gilbués” by Master and Heymann 
(2000), after a nearby town of that name. However, the structure is actually located in the county 
of Corrente, a town 35 km to the south of the structure, forming part of the Santa Marta mountain 
range. The name “Santa Marta” was therefore adopted in this paper. The structure has an 
apparent diameter of ~10 km, with a central ring 2.5 km in diameter (Fig. 5.5A). It formed in 
Carboniferous sequences of the Piauí and, probably, Poti Formations. The overall shape appears 
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slightly elliptical, possibly due to the fact that its northwestern and central portions are partially 
covered by younger, flat-lying, sedimentary rocks of the Cretaceous Urucuia Formation. The 
actual diameter of the structure may therefore reach up to 12 km, considering that it is partially 
covered (Fig. 5.5B). The eastern half of the structure is well exposed and exhibits at least two 
ring features, besides the central ring. The outermost circular feature represents the rim, and there 
is an intermediate ring at mid-distance between the rim and the central ring.  
 
Fig. 5.5- (A) Shuttle Radar Topographic Mission (SRTM) digital elevation model of the Santa Marta structure. The 
white line corresponds to the topographic section. (B) Topographic section along A-B, showing the inner structures 
(CR—rim of the structure; PR—probable inner ring; CE—central ring). 
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There are no published geological or geophysical data on the Santa Marta structure and 
also no geological information available, except regional geological maps. As far as we are 
aware, no specific study has been conducted on this structure searching for impact evidence.  
Riachão structure 
The Riachão structure, centered at 7°42′S, 46°38′W, with a diameter of 4.5 km, is the 
smallest of the four structures. It exhibits a subdued central ring, which suggests that Riachão 
could be a complex impact structure (Fig. 5.6). Both the rim and inner ring depict a horseshoe 
shape, with a coincident opening of the annular structures in their northwestern sectors. The 
exposed stratigraphic sequence consists of, from the uppermost to the lowermost unit, the 
Sambaíba (Triassic), Motuca, and Pedra de Fogo (Permian-Carboniferous) Formations, as shown 
in Figure 5.7.  
McHone (1986) described polymict impact breccias at the rim of the Riachão structure 
and interpreted them as representing fallout breccias. The same study described other shock-
related features, including PDFs and abundant quartz grains in ejected clasts showing undulous 
extinction. He suggested a possible Triassic age for the structure. 
 
Fig. 5.6- Shuttle Radar Topographic Mission (SRTM) digital elevation model in shaded relief showing the Riachão 
structure and its subdued inner ring. White line indicates location of profile shown in Figure 5.7. 
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Fig. 5.7- Geologic section across the Riachão structure (after McHone, 1986). 
 
São Miguel do Tapuio Structure 
The São Miguel do Tapuio structure is located in the eastern part of the Parnaíba Basin 
(Fig. 5.1), with its center at 5°37.6′S, 41°23.3′W. It has a diameter of 21 km and is surrounded by 
sandstones of the Middle Devonian Cabeças Formation. The structure shows several distinct 
annular and radial drainage patterns, with a raised rim and two concentric inner rings (Fig. 5.8A). 
The rim rises more than 120 m over the terrain outside the structure. The central ring has a 
diameter of ~5 km and is elevated by up to 150 m in relation to the terrain around the structure 
(Fig. 5.8B).  
The São Miguel do Tapuio structure has been considered a possible impact structure 
based on its overall crater-like shape, and the fact that its central ring exhibits deformed and 
recrystallized sandstones (quartzites) (Crósta, 1987). Unconfirmed indications of shock 
deformation were reported by Castelo-Branco et al. (2005), including shatter cones. However, 
MacDonald et al. (2006) examined the quartzose and conglomeratic sandstones collected in the 
interior of the structure and found no conclusive evidence of shock deformation. Some poorly 
developed planar features in quartz were reported by these authors, but no unquestionable 
impact-related features, such as breccias and shatter cones, were observed. 
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Fig. 5.8- (A) Shaded Shuttle Radar Topographic Mission (SRTM) digital elevation model of the São Miguel do 
Tapuio structure. The white line corresponds to the topographic section shown in B, whereas the black lines are the 
flight lines along which the gravity and magnetic data were acquired. (B) Topographic section along A–B, showing 
the inner structures (CR—rim of the structure; PR—probable inner ring; CE—central ring). 
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3. MAGNETIC AND GRAVITY DATA 
Aerogeophysical data used in this study to characterize the four possible impact structures 
include magnetic and gravity data acquired in 2004 by the Brazilian National Petroleum Agency 
(ANP) as part of the Parnaíba Project. The survey was conducted along east-west flight lines, 
with 6 km spacing between lines, and north-south tie lines spaced at 24 km. Sampling intervals 
were 0.79 m for magnetic and 18.7 m for gravity acquisitions, whereas flight heights were 1100 
and 1800 m above the GRS80 reference ellipsoid, respectively.  
Corrections applied to the data included Ëotvös, free-air, and Bouguer for gravity data 
(Dehlinger, 1978), and temporal variations, instrumental drift, and the removal of the regional 
field (IGRF) for magnetic data (Dobrin, 1976). Both types of data were subsequently 
microleveled using a low-pass filter along the fl ight-line direction, and a high-pass filter along 
the direction orthogonal to the flight-line (Minty, 1991).  
The spacing between acquisition lines used in the aerial survey, and also between control 
lines, was relatively large, resulting in low-spatial-resolution data. Considering the dimensions of 
the four structures under investigation, the obtained resolution is not ideal for characterizing their 
surface and subsurface characteristics. This poses resolution limitations, particularly in the case 
of the Riachão structure, the smallest of the four, the diameter of which is smaller than the 
interval between acquisition lines. The resolution limitations are even greater when using these 
data for producing grids and continuous geophysical maps. Therefore, considering the number 
and position of fl ight and tie lines in relation to each of the four structures, we chose to produce 
continuous grids only for the Serra da Cangalha and Santa Marta structures. For the Riachão and 
São Miguel do Tapuio structures, the analysis was based on profiles extracted along flight lines 
that cut across these structures.  
Regular grids with cell dimensions of 6 x 6 km were generated for the Serra da Cangalha 
structure, using kriging interpolation method. After corrections, the regional field was removed 
by a robust second-degree polynomial fit (Beltrão et al., 1991). This procedure enhances 
measurements with associated small residual values, whereas those containing a high percentage 
of any residual field values are virtually excluded from the fitting process. The Bouguer anomaly 
map, related to shallow gravimetric sources, was better characterized by removing the results of 
the robust polynomial map from the original map. The regional field of the magnetic data was 
removed by a 5 km upward continuation filter, in an attempt to minimize a conspicuous NW-SE 
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feature, apparently of regional nature. This procedure includes a linear transformation that 
converts the potential field measurements on one surface to the field that would be measured on 
another surface farther from all sources (Blakely, 1995; Milligan and Gunn, 1997). The resulting 
upward continuation grid was then subtracted from the magnetic anomaly field, thus producing 
the residual anomalies related to shallower sources, which were used for subsequent 
interpretation. 
For the Santa Marta structure, a 6 × 6 km grid was also generated by kriging the original 
data. The residual Bouguer anomaly was obtained by removing the regional trend by means of a 
robust first-degree polynomial fitting method (Beltrão et al., 1991). This procedure proved to be 
quite effective for enhancing the gravimetric characteristics related to the structure.  
The Riachão structure had just one acquisition line located near the center of the structure 
(Fig. 5.6). We therefore chose to analyze the data of the profile extracted from this line. In order 
to do that, a first-order polynomial was removed from the original data, and then adjusted using a 
least square fitting algorithm. This procedure was used for removing the regional field, thus 
resulting in residual Bouguer anomaly and magnetic anomaly field profiles.  
The São Miguel do Tapuio structure was covered by four acquisition lines and one tie line 
(Fig. 5.8A). Data used for analysis were extracted from the five profiles corresponding to these 
lines, one along the north-south direction and four along east-west. For each profile, a first-order 
least-square polynomial was fitted, and the resulting values were removed from the original 
values, thus producing the residual anomaly. The same parameters for the polynomial fitting were 
employed for the gravimetric and magnetic data. 
4. RESULTS 
Gravity characteristics 
The most common geophysical characteristic associated with terrestrial impact structures 
is a negative Bouguer anomaly, commonly related to the low-density material (breccias and 
brecciated rocks) produced by lithological and physical changes related to the cratering process 
(Pilkington and Grieve, 1992; Grieve and Pilkington, 1996). This characteristic is observed in 
several large complex structures, as in the case of the Chesapeake Bay (−5 to −7 mGal; Shah et 
al., 2005) and Araguainha (−3 mGal; Vasconcelos, 2007) structures. The same applies to simple 
smaller impact structures, such as Shoemaker (formerly Teague Ring) (Plescia, 1999), and 
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Bosumtwi, which has a gravimetric low of −15 mGal (Ugalde et al., 2007). Some impact 
structures may exhibit positive Bouguer anomalies in their central part, surrounded by a 
prominent bowl-shaped gravity low. This is the case in the Mjølnir (Tsikalas et al., 1998) and 
Chicxulub structures. The latter exhibits a Bouguer anomaly ranging between 5 and 12 mGal 
within the central peak ring area (Ebbing et al., 2001; Espindola et al., 1995).  
Depending on the level of erosion, these gravity lows are generally circular in shape and 
extend to, or slightly beyond, the rim of the structure (Pilkington and Grieve, 1992; Grieve, 
2006). The negative gravity anomalies associated with impact structures may also be asymmetric, 
reflecting asymmetrical substructures or the degree of erosion. The distinction in morphology 
between simple and complex craters is not directly reflected by their gravity anomaly. Over both 
simple and complex craters, a circular bowl-shaped negative anomaly is generally observed.  
The Serra da Cangalha structure is associated with a prominent circular negative Bouguer 
anomaly, with values ranging from −6 to 0 mGal (Fig. 5.9). Pilkington and Grieve (1992) 
proposed a model to correlate the diameter and the maximum negative gravity. Applying this 
model to the Serra da Cangalha structure, the gravity values were found to be slightly higher than 
the gravimetric anomalies usually associated with sedimentary and crystalline impact structures 
of similar dimensions. There is, however, a relative displacement between the center of the 
anomaly of the Serra da Cangalha structure and the position of its central ring, with the former 
located ~7 km to the north of the center of the central ring (Fig. 5.9).  
Other noticeable features in the Bouguer map of the Serra da Cangalha structure include 
the gravimetric highs surrounding the structure, in the north, west and southeast, respectively. 
These form large elliptical features, with values up to 8 mGal, and major elongated ridges 
extending over 20 km. The Serra da Cangalha structure is positioned within a gravity low having 
a diameter of ~50 km (Fig. 5.9). Assuming that this feature is due to the gravity signature of the 
Serra da Cangalha structure, the deformation associated with the structure may extend beyond the 
current proposed rim, as suggested by Reimold et al. (2006).  
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Fig. 5.9- Three-dimensional (3-D) view of Bouguer anomaly of the Serra da Cangalha structure. The dashed line 
indicates the rim of the structure. 
 
The analysis of the gravity data for the Santa Marta structure shows a positive Bouguer 
anomaly of 2 mGal, slightly circular in shape, at least twice the actual diameter of the structure 
(Fig. 5.10). This anomaly is positioned within a larger anomaly reaching 1 mGal. The latter 
anomaly extends towards the north and is probably unrelated to the structure, being part of a 
regional trend associated with deeper sources, probably in the crystalline basement.  
The gravity signature exhibited by the Santa Marta structure is the opposite of the usual 
trend observed in the majority of impact structures. However, among the impact structures for 
which gravimetric signatures are well established, one that has a positive contrast in density in 
the center is Mjølnir, an impact crater formed in a sedimentary target in the Barents Sea, which 
exhibits a central high surrounded by a broad low (Tsikalas et al., 1998). Another impact 
structure in sedimentary rocks that also shows a positive Bouguer anomaly is Montagnais 
(Grieve, 2006). Nevertheless, both structures are larger than Santa Marta, thus limiting any 
comparison of their gravimetric signatures. Similar to the Serra da Cangalha structure, the Santa 
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Marta structure also shows a relative displacement between the center of the anomaly and the 
center of the structure, with the former located ~5 km to the west (Fig. 5.10).  
 
 
Fig. 5.10- Bouguer anomaly map of the Santa Marta structure and surroundings, showing a positive anomaly 
associated with the structure; the dashed line represents the rim of the structure. 
 
The analysis of the gravity data from the Riachão structure was based on a single flight 
line covering the structure. The profile in Figure 5.11A shows a faint, slightly positive, residual 
anomaly associated with the structure, with values around 0.04 mGal at the center of the 
structure.  
For the São Miguel do Tapuio structure, profile 5 (Fig. 5.8A) was selected for processing, 
due to its position in relation to the structure. This profile refers to a tie line and crosses the 
structure in a north-south direction near its center, therefore allowing a comparative analysis 
between the rim and central areas. Both the northern and southern portions of the rim exhibit 
gravity highs of 0.1–0.2 mGal (Fig. 5.12A). The central area exhibits a subdued gravity low, of 
approximately −0.2 mGal. Although the gravity low of the central portion is in agreement with 
the type of signature proposed by Pilkington and Grieve (1992) for impact craters, the actual 
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values are rather higher than those expected for a structure with the dimensions of São Miguel do 
Tapuio. Considering its inferred diameter, the expected anomalies should be in the order of –10 
to –20 mGal over the center of the structure. 
 
 
Fig. 5.11- (A) Bouguer anomaly profile of the Riachão structure, showing a positive anomaly of 0.04 mGal over the structure. (B) 
Topographic section of the structure along east-west (WR—western rim; ER—eastern rim). 
 
Fig. 5.12- (A) Bouguer anomaly values of profile 5 of the São Miguel do Tapuio structure, exhibiting a gravimetric 
low of approximately −0.2 mGal in the center and gravimetric highs in the northern and southern rims. (B) 
Topographic section along profile 5 (CR—central region; SR —southern rim; NR—northern rim). 
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Magnetic characteristics 
Magnetic characteristics of impact structures are more complex than gravity 
characteristics, due to the large number of variables that contribute to the overall signature 
(Pilkington and Grieve, 1992; Grieve and Pilkington, 1996). The most common magnetic 
signature of impact structures is a magnetic low (Cowan and Cooper, 2005). In the absence of 
remanent magnetization, this low tends to be centered over the structure. However, experiments 
in rock samples have shown that shock stress may cause both demagnetization and 
remagnetization (e.g., review by Henkel and Reimold, 2002). In impact events that generate 
shock pressures greater than 10 GPa, a reduction of the magnetic susceptibility of the rocks has 
been observed. In general, impact structures smaller than 10 km in diameter exhibit magnetic 
lows, whereas those greater than 40 km show central anomalies of high amplitude. 
Despite the corrections applied to the magnetic data for the Serra da Cangalha structure, 
there is still an apparent regional northeast-southwest magnetic trend present. The magnetic 
pattern is dominated by a strong anomaly of long wavelength, probably caused by deep sources 
from the basement of the basin. After the removal of the regional field, the residual magnetic 
field shows a magnetic high with a value of 10 nT, approximately coinciding spatially with the 
center of Serra da Cangalha (Fig. 5.13A). A second magnetic high appears in the northeastern 
portion of the structure, close to the rim. However, the northeast-southwest regional magnetic 
trend still persists and considerably masks the intrinsic magnetic signature of the structure. There 
is also a third magnetic high of similar value positioned to the southwest, 
apparently outside of the domain of the structure (Fig. 5.13A). 
In order to characterize the contacts of the anomalous bodies, a technique called “analytic 
signal” (AS) was applied to the previous grid. This technique combines the horizontal and 
vertical gradients of the magnetic anomaly (Nabighian, 1972, 1974; Blakely, 1995), using it to 
position the anomaly in relation to its source. As a result, the magnetic anomaly associated with 
Serra da Cangalha is shown to be partially coincident with the central ring of the structure (Fig. 
5.13B). The second anomaly, in the northeast of the structure, is placed with its center slightly 
outside the apparent rim, suggesting that it may not be related to the structure, but rather to 
possible deeper sources. The same reasoning applies to the similar anomaly located to the 
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southwest, which is aligned with the other previous main anomalies. However, this trend of three 
aligned anomalies cannot be entirely excluded as a feature of the regional field.  
 
Fig. 5.13- (A) Map of the magnetic anomaly field over the Serra da Cangalha structure; the north-south line 
represents the section along which the depths to the anomaly sources were calculated. (B) Analytic signal (AS) 
derived from A. 
 
Determination of the average depths of the anomalous magnetic sources was achieved by 
calculating the power spectrum along the north-south profi le crossing the center of the Serra da 
Cangalha structure, shown in Figure 5.13A. The resulting magnetic profile is shown in Figure 
5.14A. The graph in Figure 5.14B shows that two main magnetic sources can be identified, one at 
an average depth of 2.4 km and a shallower source at 0.19 km. The deeper source is almost 
certainly related to the crystalline rocks of the basement of the Parnaíba Basin, whereas the 
shallower one may be related to sedimentary rocks (Spector and Grant, 1970) or, most likely, to 
noise in the data. Our depth estimation for the basement at 2400 m (Fig. 5.14B) is significantly 
higher than the value presented by Adepelumi et al. (2005a, 2005b), between 1.0 and 1.5 km. On 
the other hand, the result presented here is in agreement with the information provided by an oil 
exploration borehole located 70 km north of Serra da Cangalha, in which basement was reached 
at a depth of 2500 m.  
 138 
 
 
 
Fig. 5.14- (A) Magnetic profile along the north-south section across the center of the Serra da Cangalha structure 
(see line in Fig. 13A). (B) Power spectrum generated from the section in A, showing the presence of two magnetic 
anomaly sources at different depths. 
 
The Santa Marta structure is located in a region with a prominent regional magnetic 
component trending northeast-southwest (Fig. 5.15). The center of the structure partially 
coincides with a circular negative magnetic anomaly of −10 nT, which has its center slightly 
shifted toward the northeast in relation to the central ring of the structure. A major negative 
anomaly, ellipsoidal in shape and with values of −10 nT, dominates the magnetic signature of the 
A 
B 
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area. Its center is located around 15 km north of the rim. In addition, Santa Marta appears to 
disrupt this ellipsoidal feature, by forming a circular negative feature connected to the major 
anomaly (Fig. 5.15). 
 
Fig. 5.15. Magnetic anomaly of the Santa Marta structure. The dashed white line represents the rim of the structure, 
whereas the thin line marks its center. The east-west line represents the section along which the depth sources were 
calculated. 
 
The depth estimation of the magnetic sources was obtained by calculating the power 
spectrum along the east-west section in Figure 5.15, which crosses the structure. Two sources 
were identified, as shown in Figure 5.16. The first source is also the deeper one, with an average 
depth of around 1 km, and probably can be related to the crystalline basement of the Parnaíba 
Basin. The second source, showing greater frequency, may be related to noise.  
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Fig. 5.16- (A) East-west magnetic profile across the center of the Santa Marta structure. (B) Power spectrum 
generated from the section A. 
 
Owing to the poor spatial coverage of the aerogeophysical survey over Riachão, the 
analysis of the magnetic data was based on a single flight line covering the structure, in the same 
way as with the gravimetric data. The anomalous magnetic field over the structure exhibits a 
gentle transition between slightly negative (−0.2 nT) and slightly positive values (0.40 nT) in the 
eastern rim (Fig. 5.17). 
A 
B 
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Fig. 5.17- East-west magnetic profile across the Riachão structure (WR-western rim; ER-eastern rim). 
 
Two sections were analyzed for the São Miguel do Tapuio structure, corresponding to 
profiles 2 and 4 (Fig. 5.8A). Profile 2, crossing the central portion of the structure, exhibits a 
positive anomaly of 35 nT associated with the center (Fig. 5.18A). Profile 4 covers the northern 
rim, and shows pronounced negative anomalies of the order of –10 to –20 nT associated with the 
rim, and a positive anomaly of 10 nT in between (Fig. 5.18C).  
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Fig. 5.18- (A) Magnetic anomaly field along profile 2 across the São Miguel do Tapuio structure. (B) Topographic 
section along profile 2. (C) Magnetic anomaly field along profile 4 across the São Miguel do Tapuio structure. (D) 
Topographic section along profile 4 (WR—western rim; ER—eastern rim). 
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5. DISCUSSION 
The analysis of morphological characteristics of the four structures in the Parnaíba Basin, 
based on Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) data, 
suggests that the diameter of the São Miguel do Tapuio structure is the largest of the four, at 21 
km, followed by Serra da Cangalha at 13 km, Santa Marta structure at 12 km, and Riachão at 4.5 
km. All four structures display morphological characteristics similar to complex impact 
structures, including the presence of an elevated central ring surrounded by annular basins that 
exhibit annular and radial drainage patterns. Except for the Riachão structure, they also exhibit 
multiple inner rings, usually enhanced by prominent annular drainage patterns. An overview of 
the geophysical characteristics of the four structures is presented in Table 1, together with their 
inferred diameters based on the DEM data.  
The following discussion focuses on the gravimetric and magnetic characteristics of the 
structures of the Parnaíba Basin in comparison to known complex impact structures of similar 
sizes formed in the same type of sedimentary target rocks. The gravity data for the Serra da 
Cangalha structure show that the structure is associated with a negative anomaly of −6 mGal. The 
center of this anomaly is slightly displaced towards the north in relation to the surface expression 
of the structure, suggesting the existence of some asymmetry. This negative geophysical 
signature is seemingly typical of impact structures (Pilkington and Grieve, 1992). The relative 
displacement between the center of this gravity anomaly and the actual position of the central 
ring, although not commonly seen in impact structures, was also observed in at least two other 
cases: Pilot and Sudbury in Canada (Grieve, 2006). In addition, the gravity map of the Serra da 
Cangalha structure exhibits positive anomalies of ~8 mGal that extend beyond the rim of the 
structure. These anomalies may be expressing the deformation caused by the impact, which in 
this case would be larger than the topographic expression of the present eroded structure.  
Analysis of the magnetic data for the Serra da Cangalha structure shows a positive 
anomaly of 10 nT near the central ring. The overall magnetic signature is strongly dominated by a 
conspicuous regional magnetic NE-SW feature, which partially masks the anomaly related to the 
structure and is probably due to deeper sources located within the basement underneath the 
structure. The results obtained from the analysis of the power spectrum indicate the existence of 
magnetic sources 2.4 km below the structure, probably related to the top of the crystalline 
basement of the Parnaíba Basin. Although the magnetic high associated with the Serra da 
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Cangalha structure does not comply with the usual magnetic signatures of impact craters, 
characterized in most cases by magnetic lows, there are exceptions to this rule, as in the case of 
Mjølnir. This structure, also formed in sedimentary rocks, exhibits a central magnetic high of 
~100 nT, surrounded by a magnetic low of approximately −70 nT (Tsikalas et al., 1998). Similar 
to the Serra da Cangalha structure, the Sierra Madera structure, a 13-km-diameter confirmed 
impact structure in sedimentary rocks, shows a negative gravity anomaly of −1.5 mGal over the 
zone of brecciation in the center (Van Lopik and Geyer, 1963). Furthermore, also like Serra da 
Cangalha structure, the Sierra Madera structure exhibits a positive magnetic anomaly of ~25 nT.  
The Santa Marta structure displays a positive gravity anomaly of 2 mGal, displaced 
toward the east. The magnetic data show a negative magnetic anomaly of −10 nT in the central-
northern portion of the structure, coupled with a conspicuous NE-SW regional trend. The 
analysis of the power spectrum reveals the existence of magnetic sources at a depth of 1 km, 
considerably shallower than in the case of Serra da Cangalha. No data could be obtained for 
comparison of this depth with the top of the basement in this portion of the basin. The fact that 
the Santa Marta structure exhibits a positive gravity anomaly does not exclude the possibility of 
an impact origin. Its geomorphologic features, such as a moderately well defined rim and the 
likely presence of a central uplift and annular basin, are consistent with uneroded complex impact 
structures. A similar gravity signature is found in the Connolly Basin, a 9 km diameter complex 
impact structure in sedimentary rocks in Western Australia, which exhibits residual gravity 
values of ~1.6–2.0 mGal in the central uplift region, together with a gravity high of ~0.3–0.5 
mGal surrounding the uplift at a distance of 1.8–4.0 km (Shoemaker et al., 1989). The Serra da 
Cangalha and Santa Marta structures both exhibit circular gravity anomalies, which is the usual 
pattern in many impact structures. Also, relative displacements between geophysical anomalies 
and the surface morphological features may be a result of relatively large distances between 
acquisition and control lines used in the survey, as well as eventual artifacts resulting from data 
interpolation.  
The Riachão structure shows positive residual anomalies for both gravity and magnetic 
data. Although these results are in apparent contradiction with the expected signatures for impact 
structures, in the case of the Riachão structure they are not conclusive, owing to the low 
resolution of the geophysical data available. In fact, the 6 km interval between the acquisition 
lines of the aerogeophysical survey considerably restricts the analysis of this small structure. The 
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Mount Toondina structure, a 4-km-diameter structure in sedimentary rocks in Southern Australia, 
also shows a high gravity of 1 mGal over the central uplift (Plescia et al., 1994). 
The São Miguel do Tapuio structure exhibits contrasting gravity signatures between its 
southern and northern rims, with the former exhibiting a positive anomaly and the latter 
exhibiting a negative one. The magnetic signatures for this structure are variable and apparently 
in disagreement with the expected pattern, with a positive anomaly near the center and a negative 
one at the northern rim, and yet another positive anomaly in-between both. The Gosses Bluff 
structure (d = 22 km), with a diameter slightly greater than the São Miguel do Tapuio structure, 
has a positive anomaly of up to 8 mGal over the central uplift, surrounded by a gravity low of −5 
mGal (Hawke, 2004). A negative magnetic anomaly of −4 nT occurs between the central ring 
and the rim (Milton et al., 1996), which differs from the 35 nT anomaly of the São Miguel do 
Tapuio structure.  
With the exception of the Mount Toondina structure, all of the Australian impact 
structures used in these comparisons were formed in clastic sedimentary target rocks, and all have 
either some preserved crater fill or allochthonous breccia (Hawke, 2004). Forward modeling 
studies of the gravity responses over these structures (Plescia et al., 1994; Shoemaker et al., 1989; 
Hawke, 2004) have shown that the primary cause of the central positive anomaly is related to the 
structural uplift of denser and more consolidated sedimentary layers. These rocks apparently did 
not have their density decreased by brecciation, which explains the positive anomaly. According 
to Hawke (2004), this effect is only likely to occur in impact structures formed in wet 
sedimentary targets, where much of the shock can be taken up by expulsion of volatiles and 
closing pore space. 
6. CONCLUSIONS 
The main results of the analysis of the available low resolution geophysical data for the 
four possible impact structures in the Parnaíba Basin are: 
1. The Serra da Cangalha structure is the only one of the four to exhibit an annular 
gravimetric low, but it shows a gravity anomaly shifted by 7 km toward north of the center. It 
shows a magnetic high of 10 nT in its center, probably associated with a strong regional NE-SW–
trending magnetic anomaly that intersects the structure, masking its characteristics. Further 
processing of the magnetic data using the AS technique revealed the existence of two different 
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magnetic sources within this regional trend, one of them placed underneath the central ring. We 
interpret this as a possible indication of remagnetization of the rocks, linked to the process that 
formed the structure. A detailed analysis of the morphological data indicates a diameter of 13 km 
for Serra da Cangalha structure, in agreement with the diameter proposed by Reimold et al. 
(2006). 
2. The Santa Marta structure exhibits contrasting magnetic negative and gravimetric 
positive anomalies, both circular in shape and partially coincident with the surface morphology of 
the structure. As in the case of the Serra da Cangalha structure, the gravimetric anomaly also 
shows a displacement-of 8 km toward the east-in relation to the central ring of the structure. As 
this is the least known of the four structures, geologically speaking, and considering that the 
geophysical characteristics presented here do not rule out an impact origin, the Santa Marta 
structure is a potential candidate for an impact site, subject to further investigation for impact-
diagnostic features.  
3. The Riachão structure exhibits magnetic and gravity highs near its center, with a 
transition between a magnetic low in the western rim and a magnetic high in the eastern rim. 
Being the smallest of the four structures, this structure was the one with the poorest level of 
characterization based on these geophysical data. There are, however, similarities in the gravity 
and magnetic signatures of the Riachão structure in comparison with those of the Mount 
Toondina impact structure.  
4. The São Miguel do Tapuio structure shows variable signatures along different magnetic 
and gravity profiles, with the magnetic signatures being generally high and the gravity signature 
especially variable. In particular, the gravity signature is variable and apparently in disagreement 
with the expected pattern for impact structures. These results, combined with the lack of impact 
features mentioned by MacDonald et al. (2006), does not support, at the current stage of 
knowledge, an impact origin for the São Miguel do Tapuio structure. 
5. It should be emphasized that the geophysical data used in this work do not have the 
ideal spatial resolution to allow a conclusive investigation of the geophysical characteristics of 
these structures. Hence, some of the more subtle geophysical information, eventually linked to 
impact deformation, may not have been identified.  
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ABSTRACT 
Forward modeling is commonly applied to gravity field data of impact structures in order 
to determine the main gravity anomaly sources. In this context, we have developed 2.5D gravity 
models for Serra da Cangalha for the purpose of investigating geological bodies/structures 
underneath the crater. Interpretation of the models was supported by ground magnetic data 
acquired along profiles, as well as by high resolution aeromagnetic data. Ground magnetic data 
reveal the presence of short-wavelength anomalies probably related to shallow magnetic sources 
that could have been embedded during the cratering process. Aeromagnetic data show that the 
basement underneath the crater occurs at an average depth of ~1.9 km, whereas in the region 
beneath the central uplift it is raised to 500-1000 meters below the current surface. These depths 
are also supported by 2.5D gravity models, showing a gentle relief for the basement beneath the 
central uplift area. Geophysical data were used to provide further constraints for numeral 
modeling of crater formation that provided important information on the structural modification 
that affected the rocks underneath the crater, as well as on shock-induced modifications of target 
rocks. The results showed that the morphology is consistent with the current observations at the 
crater and that SdC was formed by a meteorite of 1.4 km diameter striking at 12 km/s.  
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1. INTRODUCTION 
Observational studies of terrestrial impact craters include both geologic and geophysical 
approaches to gather information about the structure of final craters and the deformation 
experienced by the target rocks. Integration of results from potential field studies, remote sensing, 
and numerical modeling of impact processes, coupled with petrophysical data for the target rocks, 
provides constraints on determining dimensions and processes involved in crater formation 
(Artemieva et al. 2004). Furthermore, these studies contribute to our knowledge concerning the 
principal processes of crater formation.  
The Serra da Cangalha (SdC) impact structure (8
º04’S/46º51’W) is a complex impact 
structure formed in Paleozoic sediments of the Parnaíba Basin in Brazil (McHone 1986). 
According to Kenkmann et al. (2011), SdC has a rim-to-rim diameter of ~13 km and a central 
uplift of ~5.8 km diameter with a prominent collar of extremely folded strata elevated up to 370 
m above the surrounding terrain. Most terrestrial impact structures are more or less modified by 
erosional and tectonic processes after their formation which may produce distinct morphologies 
and reduced sizes of the structures compared with the original crater geometry. Erosion depths 
for the area of the central uplift of SdC were estimated at ~500 meters (Vasconcelos et al. 2010a), 
which would be responsible for obliterating the external boundary of the central uplift, as well as 
part of its center composed of relatively less weathering-resistant rocks. 
Geophysical studies have been carried out at SdC in order to obtain information about the 
erosion rate, maximum crater diameter, diameter of the central uplift, depth to basement and 
depth of the deformed zone around the impact structure (Adepelumi et al. 2005a, b; Vasconcelos 
et al. 2010b). According to Adepelumi et al. (2005b), the crystalline basement underneath the 
structure lies at a depth of 1-1.5 km. The same authors evaluated magnetotelluric data acquired 
across the crater and suggested that impact-induced structural deformation was limited to 2 km 
depth. Estimation of the average depth to basement was also carried out by Vasconcelos et al. 
(2010ab based on regional aeromagnetic data, resulting in a somewhat greater depth of 2.4 km. 
According to Vasconcelos et al. (2010b), SdC exhibits a slight gravity low and a positive 
magnetic anomaly over the center of the structure, in accordance with the general geophysical 
signatures indicated by Pilkington and Grieve (1992) for complex impact craters of similar 
dimensions formed in sedimentary target rocks.  
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This paper presents the results of a detailed geophysical investigation of the Serra da 
Cangalha impact structure based on magnetic and gravity data, and numerical modeling of crater 
formation. Our main goal is to achieve a better understanding of the three-dimensional 
morphology of SdC, and of its formation, through the application of geophysical techniques 
combined with forward gravity modeling. Whilst the previously used aeromagnetic data were 
able to map deep anomalies, ground magnetic data record shorter wavelength anomalies that are 
usually associated with shallower sources. Finally, numerical modeling of the dynamic processes 
was applied in order to gain insights into the formation of the crater and the deformation of the 
strata of SdC.  
2. GEOLOGIC SETTING 
SdC is, at ~13 km diameter, the second largest impact structure in the territory of Brazil. 
It is located in the Parnaíba Basin of northeastern Brazil (Fig. 6.1). A sedimentary sequence 
comprising four stratigraphic formations is exposed within SdC, namely, from bottom to top, the 
Longá, Piauí, Poti and Pedra de Fogo formations. Dark shales of the Devonian/Lower 
Carboniferous Longá Formation constitute the oldest rocks at SdC, which are exposed in the 
inner basin of the central uplift. The Poti Formation comprises sandstones and claystones of 
Lower Carboniferous age that form the prominent collar of the central uplift. The Piauí 
Formation forms the periphery of the central uplift and also most of the surrounding synclinal 
part of the structure; the Piauí Formation, in turn, is covered by the Pedra do Fogo Formation that 
comprises sandstones and chert layers of Permian age, which form the rim of the structure, 
frequently as flat-topped plateaus, and the mesas and buttes in the wider environs. The estimated 
age of the impact structure is Triassic or post-Triassic (<220 Ma), based on stratigraphic 
constraints. Common observations of fossil wood of Permian age at SdC suggest that the impact 
occurred after deposition of the Pedra de Fogo Formation (McHone 1986). Kenkmann et al. 
(2011) indicated that the sedimentary strata of the Poti Formation reflect an asymmetry of the 
central uplift, with a preferred overturning of strata in the northern and western sectors of the 
collar, suggesting an oblique impact from a southerly direction. 
The area of SdC is truncated by a major regional structural feature known as the 
Transbrasiliano Lineament (TBL) that affects the crystalline basement and possibly some of the 
lower supracrustal strata. The TBL is characterized by intra-continental regional faults of general 
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N30
º
E direction (Marini et al. 1984; Cordani et al. 2003). This remarkable lineament is associated 
with gravity anomalies (Ussami et al. 1993), magnetic anomalies and an important seismogenic 
zone (Hasui and Ponçano 1978; Assumpção et al. 1986a). 
3. METHODOLOGY 
Aeromagnetic data 
Aeromagnetic data used in this study were acquired by the Parnaíba Basin 
Aerogeophysical Project carried out by the Brazilian National Petroleum Agency (ANP) between 
2004 and 2006. The survey was conducted along north-south flight lines spaced 0.5 km apart, and 
along east-west tie lines at 4 km spacing. The nominal flight height was 100 m above the terrain 
surface. The sampling interval resulted in measurements spaced at 0.79 m. Temporal variations, 
instrumental drift, and removal of the regional field (IGRF) corrections were applied to the 
magnetic data. They were subsequently micro-leveled using a low-pass filter along the flight line 
direction, and a high-pass filter along the orthogonal direction (Minty, 1991). An upward filter 
with altitude of 1000 meters was also applied in order to remove a persistent NW-SE trend that 
probably corresponds to the Transbrasiliano Lineament (Bizzi 2003). 
 158 
 
 
Fig. 6.1 Geological map showing the spatial distribution of the magnetic measurement points within the SdC impact 
structure. The upper figure shows the location of SdC within the Parnaíba Basin (gray polygon). The coordinate 
system is UTM zone 23 S. Legend presents the respective formations in the stratigraphic sequence. 
 
A combination of three techniques was applied to the magnetic data to obtain information 
concerning the anomalous sources: analytic signal (AS) (Nabighian 1972; 1974; 1984; Roest et 
al. 1992), Euler deconvolution (ED) (Reid et al. 1990; Thompson, 1982), and power spectrum 
(PS) (Spector and Grant,1970). AS is used to delineate contacts using derivatives along the three 
directions.  
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ED is a method often used for estimating depths and delineating boundaries of anomalous 
bodies (e.g., Cooper 2002; Keating and Pilkington 2004). The application of ED to derivatives of 
potential field data has proven effective to estimate depths and locations of magnetic anomalies 
(Ravat et al. 2002b; Hsu 2002). Keating and Pilkington (2004) developed a technique that applies 
ED over the AS and allows the automatic identification of source types, which is a function of the 
geometry of the causative bodies. In this study we have applied this technique to the data 
collected at the central uplift of SdC, employing a structural index that corresponds to a vertical 
cylinder. We assumed this geometry, because the central uplift – and its collar - may be 
approximated by a vertical cylinder geometry.  
PS is a method, first employed by Spector and Grant (1970), determines the depth of 
magnetic sources in the frequency domain. The method uses the slope of the spectra to calculate 
average depths to determine the thickness of sedimentary basins. Lower frequency data usually 
correspond to anomalous sources, whereas higher frequency data are commonly related to noise 
in the data. 
Ground data 
Gravity and magnetic ground data were acquired during a field campaign in 2009. The 
gravity data were measured with a Lacoste-Romberg gravimeter (Model G) following standard 
procedures for terrain correction and reference measurements (Telford et al. 1991). Data were 
positioned with a high resolution GPS with coordinates in the Universal Transverse Mercator 
(UTM) system using the Córrego Alegre zone 23S map datum. Instrument precision for 
horizontal positioning is <10 m according to factory specifications, but repetitive measurements 
in the field showed a reproducibility consistently better than 2 m. Vertical positioning was done 
with the same GPS at high resolution obtaining <0.1 meter of precision.  
Gravity data were acquired across the interior of SdC along an existing paved and along 
several unpaved roads, with measurement locations typically spaced 0.5-2.0 km apart; outside the 
crater measurement points were spaced at 4-5 km in order to have better control of the regional 
field. All gravity measurements were corrected for Earth-tide effects; free-air and Bouguer 
reductions were also applied using 2.67 g/cm
3
 , which corresponds to  the continental crust mass. 
Terrain corrections were applied subsequently by using the ASTER Global Digital Elevation 
(GDEM) data, with a density of 2.2 g/cm
3
 by the Kane (1962) method.  
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Ground magnetic data were collected using 3 precession magnetometers inside and 
outside the crater along eight transects with measurement locations spaced at 50 meters apart 
(Fig. 6.1). One of the magnetometers remained at a fixed position for diurnal correction and the 
other two were used for itinerant data collection. Three measurements were acquired at each 
location and these data were averaged. All measurement points were then adjusted to a straight 
section, and finally, the International Geomagnetic Reference Field (IGRF) of 24934.6 nT was 
removed from the data.  
To estimate the depths of magnetic sources we chose the most prominent peaks in the 
transects that are doubtlessly related to anomalies. Estimates were made following the Parasnis 
method (Parasnis 1986) for symmetric and asymmetric sources. This is a method of depth 
determination for a magnetized sheet of various thicknesses and dips using the anomaly shape as 
well as amplitude. 
Forward modeling of potential field data 
Forward gravity models were developed using the GM-SYS software from Geosoft Inc. 
(Toronto, Ontario, Canada), which allows geological interactive modeling by calculating the 
resulting anomaly in real time. Combined data modeling has not been done for both gravity and 
magnetic data because the latter were not collected along extensive profiles that could provide a 
good correlation between them. The calculations of the model response are based on the method 
proposed by Talwani et al. (1959) and Talwani and Heirtzler (1964); the 2.5D calculations are 
based on the method proposed by Rasmussen and Pedersen (1979). Six bodies were drawn 
corresponding to the four litho-stratigraphic units that occur in the crater area, plus the strata 
found between the upper sediments and the basement, plus the basement. Densities (ρ) and 
susceptibilities (χ) were measured on collected samples (Table 1) of the exposed strata. Densities 
ρ were measured on a hydrostatic weighting-machine, following the Archimedes principle, and 
each body was assigned a homogeneous density. Susceptibilities χ were measured on a 
Bartington MS2 alternating-current bridge, and although we have fitted only gravimetric models, 
χ values were used to check whether these sediments are magnetic or not. The models were 
generated using the average depth to basement of 2.4 km given by Vasconcelos et al. (2010a) and 
the average thicknesses of strata obtained from boreholes drilled in the late 1960s by Petrobras 
(Ojeda & Bembom 1966), and were adjusted considering the smallest possible RMS error. 
 
 161 
 
Tablel 1- Density and susceptibility values for SdC lithologies. 
Sample Density-ρ- 
(g/cm
3
) 
Susceptibility-
χ-(SI) 
Lithotype 
SC-138 1.80 0.06 Medium-grained sandstone 
SC-150 1.86 0.49 Medium-grained sandstone 
SC-154 1.75 -0.23 Fine-grained sandstone 
SC-22a 1.80 3.24 Polymict lithic breccia  
SC-22c 1.69 0.13 Sandstone with shatter 
cone 
SC-22e 1.73 3.24 Polymict lithic breccia  
SC-25 1.75 0.28 Fine-grained sandstone 
SC-27a 2.21 0.12 Medium-grained sandstone 
SC-28 1.93 0.53 Medium-grained sandstone 
SC-33 2.09 0.09 Fine-grained sandstone 
SC-43 2.03 -0.02 Fine-grained sandstone 
SC-59 1.85 4.40 Coarse-grained sandstone 
SC-E03 2.09 0.68 Coarse-grained sandstone 
SC-153 - 28.55 Coarse-grained sandstone 
SC-E45 1.82 - Coarse-grained sandstone 
 
Crater formation modeling 
Numerical models were used to reconstruct the formation of the crater. The simulations 
were carried out with the iSALE hydrocode (Ivanov et al. 1997; Wünnemann et al. 2006). iSALE 
is based on the SALE (Simplified Arbitrary Lagrangian- Eulerian) code (Amsden et al. 1980) and 
has been developed by a number of authors. Further details on the iSALE code are provided in 
Wünnemann et al. (2006). The models are constrained by all geological and geophysical 
information obtained as part of this study, and also those available from previous studies (see 
Kenkmann et al. 2011 and references there in). Model parameters such as the mass of the 
impactor, petrophysical properties of the target rocks, and the amount of erosion were empirically 
changed to find the best possible match between calculated models and observations. As the 
sedimentary strata at SdC comprise mainly sandstones from different depositional environments, 
we used only two different supracrustal layers in the model. The first layer comprises a 
sedimentary package ~2.8 km thick, combining ~2.4 km corresponding to the current thickness 
of the strata below the crater and 0.4 km corresponding to the estimated amount of erosion 
(Vasconcelos et al. 2010b). We used a constitutive model after Collins et al. (2004) to calculate 
the brittle and ductile mechanical response of rocks to large deviatoric stresses. The models also 
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include dynamic fracturing of rocks resulting in a decrease of strength where rocks are damaged. 
We assumed the same rheological properties for the whole sedimentary package (Table 2). The 
thermodynamic behavior of the target rocks was modeled by the analytic equation of state 
ANEOS (Thompson and Lauson 1972) for quartzite (Melosh 2007). The second layer in our 
model represents the basement and was modeled with ANEOS for granite (Pierazzo et al. 1997). 
We account for 10% of porosity in the sediments by using the ε−α−model (Wünnemann et al. 
2006). Temporary weakening of the target rocks during crater formation was introduced by using 
the acoustic fluidization model (Wünnemann and Ivanov 2003; Melosh 1979; Melosh and Ivanov 
1999) in order to explain the pronounced stratigraphic uplift at SdC. The behavior of acoustically 
fluidized matter is mainly determined by the viscosity η and the decay time Tdec that describe 
how long the viscous state of the material lasts until the vibration is attenuated. Both parameters η 
and Tdec are strongly linked to the fragmentation state of the rocks beneath the structure 
(Wünnemann et al. 2005). Viscosity η can be related to an average block size and the speed of 
sound in the material (Ivanov and Kostuchenko 1997; Melosh and Ivanov,1999; Wünnemann and 
Ivanov 2003). Maximum resolution was 14 cells per projectile radius, similar to resolution used 
by  Goldin et al. (2006), who observed that lower resolution like that produced craters with nearly 
identical morphologies. Acoustic fluidization can only act when material has experienced brittle 
fracturing and has reached its maximum degree of damage. The applied ranges of material 
parameters, as well as all important model specifications, are summarized in Table 2.  
 163 
 
Table 2. Parameters used for the calculation of a best-fit numerical model of the Serra da 
Cangalha impact structure. 
PARAMETERS ASSUMPTIONS 
Impactor: 
Diameter 
Impact velocity 
Material/EOS 
Density 
 
1400 m 
12 km s
-1 
Granite/ANEOS 
2.65 g/cm
3
 
Top layer-sediments 
Material/EOS 
 
Cohesion Cs 
Dry friction coefficient φs 
Thickness 
 
Quartzite/ANEOS 
Intact                 Damaged 
1 MPa                10 KPa 
2.0                      0.6 
2800 m 
Basement 
Material/EOS 
 
Cohesion CB 
Dry friction coefficient φB 
 
Granite/ANEOS 
Intact                  Damaged 
10 MPa               100 KPa 
2.5                       0.6 
Model setup 
Number of cells nx x ny (radial, vertical) 
Spatial increment (high resolution area) 
Resolution in cells per projectile radius (CPPR) 
 
300 x 330 cells (high res. zone) 
50 m 
14 
Acoustic fluidization parameters 
 
Acoustically fluidized viscosity η (dyn) 
*
Dimensionless acoustically fluidized viscosity       
Decay Time Tdec (s) 
*
Dimensionless acoustically fluidized decay time       
 
Basement              Sediments  
4.7x10
8
 kg m
-1
 s
-1
  9.5x10
5
 kg m
-1
 s
-1
 
0.05                       0.0001 
21 s                        21 s 
150                        150 
* Dimensionless parameters were calculated according to Wünnemann and Ivanov (2003), 
assuming a speed of sound of 5000 m/s 
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4. RESULTS AND DISCUSSION 
Depth to basement and anomalous source 
Potential field data obtained over SdC were used to estimate the depth to basement and to 
interpret geological structures developed by the cratering process. Our analysis of the basement 
and morphometry of SdC consisted basically of four consecutive procedures: (i) analysis of 
aeromagnetic data by using the AS and ED methods; (ii) estimation of depth to basement by 
employing the PS method on the aeromagnetic data; (iii) analysis of the shallow magnetic 
sources by using the ground magnetic data; and (iv) analysis of the Bouguer anomaly by building 
2.5D models. 
The dominant magnetic signature associated with impact structures is a magnetic low, 
which is commonly expressed as a truncation of the regional magnetic fabric (Pilkington and 
Grieve 1992; Pilkington and Hildebrand 2003). At larger structures, the low magnetic anomaly 
can be modified by shorter wavelength anomalies, which usually occur at or near the center of the 
structure (Pilkington and Hildebrand 2003). In the case of SdC, the residual aeromagnetic field 
reveals a large-wavelength anomaly of about 15 nT trending in the NE-SW direction (Figure 
6.2a). 
This regional anomaly, which is likely related to the Transbrasilian Lineament, is ~5-8 km 
wide. The application of the AS technique identifies maxima over magnetization contrasts that 
delineates the positions of magnetic sources. For SdC this technique highlighted anomalies 
seemingly affected by the cratering event. The southwestern segment of the large-wavelength 
anomaly mirrors the curvature of the collar (Fig. 6.2b). It appears that the magnetic source 
responsible for the regional anomaly was modified by the impact process. As there is no other 
possible magnetic source in these sedimentary rocks of the Parnaíba Basin that could produce 
such an anomaly, this source certainly corresponds to a feature of the basement underneath the 
upper sediments affected by the presence of the regional Transbrasilian Lineament. A similar 
elongated trend was observed by Vasconcelos et al. (2010b) in low-resolution data. 
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Fig. 6.2- (a) Magnetic anomaly map showing the regional trend superimposed onto the signature of SdC. (b) 
Analytical signal (AS) technique applied to the magnetic field data shown in the central part of Figure 6.2a. Black 
dashed line shows the curvature of the regional field around the crater area, likely due to the impact process. (c) 
Euler depth solutions for the central uplift of SdC with structural index = 1. (d) Power spectrum analysis showing 
two magnetic sources: (1a) 1900 meters deep that corresponds to the basement; (2a) 310 meters deep that 
corresponds to shallower sources. Profile was extracted along white line shown in Figure 6.2a.  
  
  Euler Deconvolution (ED) was applied to the AS result only for the morpho-structural 
zone of the central uplift, where distinct anomalies could be expected due to massive changes in 
the original flat-lying strata of the sedimentary rocks. The result shows that magnetic sources are 
positioned along the collar and that their depths range from <250 to ~500 meters (Fig. 6.2c). A 
few sources located in the northeastern collar may be 500 to 1000 meters deep. Sources located 
outside the collar are spread out along the annular basin, showing the largest calculated depth 
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values in the 500-1500 m range. These results, especially those along the collar of the central 
uplift, show that the magnetic sources under the central uplift are shallower than suggested by 
Adepelumi et al. (2005) based on analysis of low-resolution data.  
The second analytical phase involved the application of PS in order to estimate the 
average depth to basement in this region. A profile was extracted from the data crossing SdC 
from south to north and going through its center, as shown in Fig. 6.3a. We then applied the PS 
method to these data. In contrast to the results presented by Vasconcelos et al. (2010b), we 
estimate an average depth of 1900 meters to the anomaly that probably corresponds to the 
basement (Fig. 6.3d). The difference between these estimates is possibly related to the spatial 
resolution of the data; previous analysis by Vasconcelos et al. (2010b) was based on low 
resolution data, acquired with flight lines spaced at 6 km. There are also other shallower magnetic 
sources at ~300 m depths, which may correspond partially to the sources identified with the 
ground magnetic data discussed next.  
 The third phase consisted of analysis of the ground magnetic data. These data are useful 
because, contrary to the aeromagnetic data, they provide significant information concerning 
shallower sources and permit to establish the spectrum of the magnetic anomalies in a broader 
sense. Ground magnetic data were used to distinguish the signatures of the different morpho-
structural zones within SdC, namely the annular basin, crater rim, central uplift/collar and the 
ridges that occur in its interior (Kenkmann et al. 2011). The data profiles reveal anomalous peaks 
at short wavelengths that mostly correspond to shallow and small bodies (Fig. 6.3). Profile 1 
shows some of these peaks and we have estimated the depth for the anomaly labeled 1 (Fig. 6.3a) 
to be about 50 m.  
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Fig. 6.3- Ground magnetic profiles obtained across Serra da Cangalha along profiles shown in Figure 6.1. (a) Profile 
1. The signature decreases inward the crater. Dashed line emphasizes decrease in the general signal. The body 
responsible for the anomalous peak 1 is located approximately 50 m deep. (b) Profile 2 does not show a significant 
signature. (c) Profile 3a acquired within the annular basin. The positive peak corresponds to a body below the 
surface; its depth was estimated at ~6 meters. (d) Profile 3b acquired within the annular basin. The peak corresponds 
to a body at a depth of ~3 meters. (e) Profile 4 shows the edge of the crater at the southern rim. Anomaly 4 marks the 
limit of the crater and corresponds to an estimated source at ~19 meters depth. (f) Profile 5 measured across the 
transition from the annular basin to the central uplift (dashed line indicates the point of transition). It exhibits  large-
wavelength anomaly with estimated depth around 1750 meters. (g) Profile 6a acquired in the region of the collar. 
Depth estimation for the large wavelength anomaly corresponds to a body at 86 m depth. (h) Profile 6b acquired in 
the region of the collar of the central uplift. The anomalous peak 7 is located at a depth of ca. 83 m.  
  
In addition, this profile suggests the presence of an anomaly at the northeastern rim, 
expressed as a change of -5 nT at the transition from the external zone to the interior of the crater. 
This may be explained according to the theory that, if one end of a thick horizontal slab is 
sufficiently away from another, the model becomes a vertical boundary separating two 
contrasting magnetic media (Reynolds, 2000). There is also a negative peak next to the region 
where the 2
nd
 ridge is located (Fig. 6.3a). These symmetric and negative peaks appear to be 
associated with semi-cylindrical bodies of low susceptibility within a magnetized basement, 
according to the models of Reynolds (2000). The overall magnetic signature in the annular basin 
of SdC is rather uneventful (profiles 3a, Fig. 6.3c, and 3a, Fig. 6.3d) and shows only isolated, 
symmetric peaks (e.g. number 2 estimated at 2.8 meters deep, and number 3 at 18 m depth). 
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 Profile 4 (Fig. 6.3e) covers the transition from the annular basin to the external region of 
SdC to the south. This transition is expressed by anomaly 4, which has an estimated depth of ~19 
meters.  Furthermore, one also observes in this profile an increase of the strength of the anomaly 
outside of the crater. Profile 5 (Fig. 6.3f) shows a set of high frequency anomalies within a large 
wavelength anomaly (dashed line).  The depth to this anomaly is estimated at ~1750 m. It is 
located in the transition from the annular basin to the central uplift and represents the deepest 
anomaly evident from the ground data.  Profiles 6a (Fig. 6.3g) and 6b (Fig. 6.3h) were acquired 
in the vicinity of the collar of the central uplift (see Fig. 6.1). They reveal anomalies of relatively 
shallow depths of about 86 (number 6) and 38 m. The anomalies corresponding to the collar are 
typically asymmetric and clearly different from the small anomalies in the transition zone 
between collar and crater rim (Fig. 6.3h).  
As magnetic anomalies are not expected within these sedimentary sequences of the 
Parnaíba Basin, these short anomalous peaks observed in most profiles may be related to bodies 
that were embedded into the upper-sediments during the crater modification stage. During our 
field campaigns, polymict impact breccias were observed filling extensional fractures in the 
central uplift, as well as monomict impact breccias occurring at random in the annular basin.  In 
fact, the inward and upward material motion during this stage may result in a complex 
intercalation of breccias and target rock blocks in the crater depression (Melosh and Ivanov 1999; 
Melosh 1989).  If these breccias do occur intercalated into the sedimentary strata, they might be 
responsible for these shallow magnetic anomalies. They might have acquired magnetic signature 
through circulation of fluids promoted by the impact process. A summary of the magnetic 
sources is presented in Fig. 6.4. 
The Bouguer anomaly map of SdC shows a slight positive anomaly (1 mGal) over its 
center, and a low gravity signature of -2 mGal in the northwestern rim (Fig. 6.5), different from 
the anomaly found by Vasconcelos et al. (2010b) based on low resolution gravity data. Only 
about one-third of the terrestrial impact structures have been studied for their gravity signatures. 
Most of them have a residual negative Bouguer anomaly (e.g., Lake Kaarikkoselkä with ~36 
mGal - Pesonen et al. 1999), and the amplitude seems to be correlated with crater diameter 
(Pilkington and Grieve, 1992). The main cause is the occurrence of low density material resulting 
from the physical effects of impact (Grieve and Pesonen 1992). However, the slight positive 
gravity anomaly observed in the center of SdC may be explained by (i) the compressive regime 
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that occurs in the central uplift of complex craters is able to reduce the initial impact-induced 
porosity (Wünnemann et al. 2011; Grieve 1998; Grieve and Pilkington 1996); or (ii) due to 
denser crustal material brought to the surface or near it in large impact events (Grieve and 
Pesonen 1992; Pilkington and Grieve 1992).   
 
Fig. 6.4- Summary of the magnetic sources found in the ground magnetic data (GMD) and aeromagnetic data by 
applying the Euler Deconvolution and Power Spectrum techniques. D: crater diameter. Surface and underlying 
vertical scales are different. 
 
This explanation was given by Tsikalas et al. (2002) and adopted by Ugalde et al. (2007) to the 
Monturaqui impact crater, assuming lateral density and porosity changes associated with 
cratering effects such as: brecciation, gravitational collapse, structural uplift and differential 
compaction; (iii) another explanation could be the association of the positive anomaly in SdC to 
the occurrence of the central uplift, what is a reasonable, more plausible and simpler hypothesis. 
The latter is supported by the results of the 2.5D modeling (Fig.6.6). 
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Fig. 6.5- Bouguer anomaly map over SdC showing ~1 mGal values over the center. White lines correspond to the 
profile directions for 2.5D modeling shown in Figure 6.6. Dots represent acquired data. 
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Fig. 6.6- 2.5D models constructed from ground-based gravity data. (a) Model 1 built along a N-S profile shown in 
Figure 5. (b) Model 2 built along an E-W profile shown in Figure 6.5. Dotted line corresponds to the observed 
anomaly. Continuous line corresponds to the calculated one.  
 
Two models were constructed for profiles along N-S (model 1) and E-W (model 2), 
shown in Fig. 6.5. Models 1 and 2 show relatively good fit between observed and modeled data 
both at the edges and in the central part of the profiles, with aggregate errors of only 0.259 and 
0.386, respectively. Over the center the fitting was only possible when involving uplifted 
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basement with its top at <2 km depth, suggesting that it was likely affected by the impact. Whilst 
model 1 presents a more abrupt topography of the basement in the center and gentle topography 
at the rim, model 2 exhibits a gentle topography in the center and higher topography at the rims 
(Fig. 6.6). Furthermore, the topographic gradient of the sedimentary strata over the basement due 
to the central uplift is more prominent in model 2 than in model 1. Model 2 shows an uplift 
between 500 and 800 meters. This amount of uplift is similar to the one estimated by 
Vasconcelos et al. (2010a) and Kenkmann et al. (2011). Based on the results of model 1 (Fig. 
6.6a), we built a geologic model to investigate the morphology of SdC at depth (Fig. 6.7). The 
abrupt topographic gradients were interpreted as faults, responsible for displacing the strata. 
Normal faults are concentrated mainly at the rim, whereas normal and inverse faults are present 
at the central uplift.  
 
Fig. 6.7- Geologic model for the SdC impact structure based on the results of the 2.5D gravity model shown in Fig. 
6.6a. 
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Crater formation and morphology  
Results of geological mapping (Kenkmann et al. 2011; Vasconcelos 2012) and the 
geophysical information presented in this paper provided the constraints for the numerical 
modeling. The results of the simulation are shown in terms of damage (a scalar quantity that 
reflects the totality of fragmentation) and plastic strain, both total plastic strain (the accumulated 
amount of permanent shear deformation, regardless of the sense of shear) and net plastic strain 
(the amount of permanent shear deformation where the sense of shear is accounted for) (Collins 
et al. 2004). 
After more than 200 numerical models, the model that best matches the SdC 
morphometry is shown in Fig. 6.8. In this model, the projectile is 1,400 m in diameter, which 
corresponds to a kinetic energy of 2.74x10
20
 J, assuming an impact velocity of 12 km/s and a 
density of 2650 kg/m
3
.  Snapshots at different stages of the cratering process illustrate the crater 
formation (Fig. 6.8). The evolution of the crater starts with the contact between the projectile and 
the ground surface. The model shows at 10s the largest transient crater diameter (DT) of ~8.5 km 
and ~2.7 km depth (HT) (Fig. 6.8a). The depth of excavation Hexc, which is approximately 1/3 of 
the transient crater depth HT, is 0.9 km, (Melosh 1989). These values slightly deviate from the 
parameters (DT=6.68 km, HT=1.5-2.0 km, Hexc= 0.67 km) obtained by Adepelumi et al. (2005a). 
The rocks of the basement are warped due to the decompression underneath the crater center after 
some 15s, and the collapse of the crater rim inward towards the center starts by 35s. After 45s the 
sedimentary rocks start rising up, forming the central uplift that reaches its maximum topographic 
expression after 80s (Fig. 6.8b), where after the mass collapses. This is completed after ca. 150s 
(Fig. 6.8c), when the crater is ~15 km in diameter; this diameter corresponds to the real diameter 
of SdC before erosion. The final shape of the modeled crater is generally consistent with the 
observed crater morphology and the central uplift diameter of ~6 km is consistent with ~500 m 
erosion (Vasconcelos et al. 2010a). It is also shown that the basement occurs at ~2.5 km depth 
outside of SdC and below the center of the crater it has been uplifted by <500 meters, in 
agreement with the estimate given by the 2.5D gravity model.  
The numerical model shows also that the degree and the complexity of the deformation 
increase significantly from the rim towards the central uplift. In each frame of Fig. 6.8 the right-
hand side has horizontal lines that depict the stratigraphy, the uplift and the deformation of the 
target rocks due to the collapse of the transient cavity and consequent compression of the rocks. 
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This compression is clearly observed especially in flow lines across the central uplift that appear 
convoluted and might be associated with extremely folded strata (normal to overturned dips - Fig. 
6.8c) similar to what was observed in the field (Kenkmann et al. 2011). The horizontal lines at 
the crater rim show that the strata were submitted to low degrees of deformation and are 
practically undisturbed, an aspect which has been also observed in the field.   
On the left-hand side of Figures 6.8a to c the range of colors indicates the degree of 
deformation in terms of the accumulated total plastic strain. Hotter colors mean more intense 
deformation, which is usually related to a higher degree of fracturing (large total plastic strain), 
and cooler colors represent less intense deformation (no total plastic strain was accumulated). 
This result may be interpreted as an indication that the material has undergone a higher degree of 
brecciation and, thus, has become less resistant against erosion. The model enables only a 
qualitative description of fragmentation. The strongest deformation takes place in the central 
uplift zone and the rim exhibits intermediate deformation.  
Figures 6.8d-f show the thermodynamic conditions that the rocks have undergone upon 
impact and crater formation. On the right hand side of these figures, the maximum pressure 
reaches 25 GPa  in the strata within the eroded top of the central uplift. Considering erosion, the 
peak pressure in the preserved strata of the central uplift corresponds to 10 GPa (yellow color in 
Fig. 6.8f), which is consistent with the peak pressure responsible for the formation of shock 
features found in the target rocks from the central uplift, such as planar deformation features 
(PDF) formed along (0001) crystallographic planes in quartz (Vasconcelos 2012). 
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Fig. 6.8-Left side figures (a-c) show the deformation rate of the strata within the crater. The lower figure represents 
the final morphology of SdC (model calculated for a projectile of 1.4 km diameter). The left side of these figures 
shows the deformation degree, with hotter colors indicating more intense deformation/fracturing, and colder colors 
less intense deformation. The right side shows that the deformation of the strata (straight lines) increase from the rim 
towards the central uplift. Right side figures (d-f) show in their right halves peak shock pressure distribution for the 
tracer particles exposed to pressures: red (25GPa); orange (15GPa); yellow (10GPa); green (5GPa); magenta (1 
GPa); blue (<1 GPa). The left sides show the temperature range (in K). Mininum (blue): 273 K; maximum (red): 
1000 K. Figures 6.7g and 6.7h show the topographic profile based on Shuttle Radar Topography Mission (SRTM) 
data measured along the N-S profile indicated with a white line in Fig. 6.5. Dashed line corresponds to the erosion 
level. DT= transient crater diameter; HT= transient crater depth; Hexc = depth of excavation. Models and topography 
are presented in different scales. 
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5. CONCLUSIONS 
We have processed high-resolution potential field data and then calculated numerical 
models to reproduce the major geologic features of Serra da Cangalha impact structure. The 
depth to basement was estimated by applying several processing techniques to the aeromagnetic 
and ground magnetic data. A well-fitted model was obtained by Euler Deconvolution for the 
region of the collar. We found the average depth to basement as 1900 m for the entire crater, and 
a depth of ca. 500 m at the center, which is corroborated by 2.5D gravity modeling. Fitting of the 
2.5D gravity models over the central part of the crater was possible only by considering an 
uplifted basement. The basement appears to present higher topographic gradients along the N-S 
profiles, whereas it presents a more gentle relief along the E-W direction. The estimate of the 
depth to basement was important to provide information about the uplift under the entire crater, 
especially at its center, thus establishing the depth of deformation caused by the impact.  
Ground magnetic data revealed the presence of some short wavelength and high 
amplitude anomalies in these profiles that may be associated with anomalous sources embedded 
during the impact process. The best-fit iSALE-model of crater formation with respect to the 
current pressure and deformation estimates revealed an initial crater diameter of ~15 km; 
assuming an amount of erosion of ca. 0.5 km; this calculated initial  diameter is in agreement 
with the ~13 km currently observed in fieldwork (Kenkmann et al., 2011). A pressure estimate of 
~10 GPa derived from the model can be related to shock pressure estimates based on the 
observed occurrence of shock indicators such as PDF in quartz in the rocks exposed in the central 
uplift. Neither the high elevation of the collar could be reproduced by the numerical models, nor 
the bowl-shape feature in the center of SdC, which is obviously due to differential erosion of the 
collar rocks and those in the interior. Future plans for modeling SdC in more detail include the 
differentiation of litho-stratigraphic units of the sedimentary sequence based on realistic 
rheological properties and porosities, and also inclusion of varied angles of impact into iSALE-
3D (Elbeshausen et al. 2009). 
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ABSTRACT 
Several geophysical methods have been used for decades for the identification and 
exploration of impact craters. Most of them are based on seismic, potential fields and electrical 
data, focusing on exploration of anomalies caused by changes in physical properties or by 
structures associated with the formation of the crater. Gamma-ray spectrometry is usually not 
mentioned among the geophysical methods employed in crater studies, although it is known that 
impact  cratering processes cause a number of physical/chemical  changes in the country rocks. 
These changes include the remobilization of hydrothermal fluids which directly modify the 
composition of target rocks and, subsidiarily, of soils related to these rocks. Therefore, the 
distribution of radioactive elements K, Th and U has the potential to map such modifications. We 
present the analysis of gamma-ray signatures at the Serra da Cangalha impact structure, located in 
northeastern Brazil, using methods for enhancing K anomalies and also the overall gamma-ray 
signatures. These results provide valuable information on the distinct zones within the crater and 
might contribute to the understanding of hydrothermal enrichment processes produced as a result 
of the impact event. Citation: Vasconcelos, M. A. R., E. P. Leite, and A. P. Crósta (2012), 
Contributions of gamma-ray spectrometry to terrestrial impact crater studies: The example of 
Serra da Cangalha, northeastern Brazil, Geophys. Res. Lett., 39, L04306, 
doi:10.1029/2011GL050525. 
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1. INTRODUCTION 
  Serra da Cangalha (SdC) is a complex impact structure of ~13 km in diameter [Kenkmann 
et al., 2011], located in northeastern Brazil (Figure 7.1). The crater is comprised of a sedimentary 
sequence of four stratigraphic units that occur within the crater, namely the Longá, Piauí, Poti 
and Pedra de  Fogo formations, from the lowermost to the uppermost unit  (Figure 7.2). Dark 
shales of the Devonian/ Lower Carboniferous Longá Formation constitute the oldest rocks at 
Serra da Cangalha, and they are exposed in the inner basin within the central uplift. The Poti 
Formation is comprised of sandstones of Lower Carboniferous age that form the collar of the 
central uplift. The Piauí Formation forms the periphery of the central uplift and is covered by the 
Pedra do Fogo Formation, which is comprised of sandstones and chert layers of Permian age. The 
latter unit encompasses the region around the crater rim of the structure as flat-topped plateaus 
(Figure 7.2). 
Geophysical methods have been widely employed in crater studies, based on their ability 
to provide valuable information about changes in the different physical properties of the bedrock 
(magnetism, density, radioactivity, velocity and conductivity), and/or about lateral and vertical 
structures associated with the formation of impact craters [e.g., Pilkington and Grieve, 1992; 
Plescia et al., 1994]. These methods can be used independently or combined together in order to 
investigate the occurrence of geophysical signatures which are considered typical of impact 
craters. However, gamma-ray spectrometry is usually not mentioned among the geophysical 
method for studying impact craters [Grieve, 2006]. One of the reasons is the fact that it is based 
on natural radioactivity, which in turn is dependent upon bedrock lithology. As impact craters are 
formed in all types of rocks, or mixtures of different types, it is more difficult to establish 
standard typical signatures for gamma-ray anomalies related to impact craters than for other 
geophysical methods.  
Gamma-ray spectrometry provides estimates of the relative abundance of natural radio 
elements in soil and bedrock, in particular potassium (K), thorium (Th) and uranium (U). This 
method constitutes an important source of information regarding rock, soil and regolith, as well 
as geomorphology. This information is directly related to the primary mineralogy and 
geochemistry of the bedrock, and the secondary weathered materials. The radiometric response of 
weathered materials can contribute significantly to the comprehension of the weathering and 
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geomorphological history of the region. This method has been extensively used to improve 
geological mapping, especially in areas where few outcrops were accessible [e.g., Graham and 
Bonham-Carter, 1993; Cook et al., 1996; Wilford et al., 1997] and to map hydrothermal 
alteration zones associated with certain types of mineral deposits, such as lode Au, porphyry Cu-
Au and volcanic hosted massive suphides (Cu-Pb-Zn) [e.g., Shives et al., 1997; Airo, 2002; 
Quadros et al., 2003].  
 
 
Fig. 7.1- Location map of the SdC impact structure, in Tocantins State (TO), northeastern Brazil. 
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Fig. 7.2- Geological map of the SdC impact structure showing its different boundaries: rim crater, annular basin, 
collar and central uplift. Label ‘F’ is the drainage referred in Figure 7.4. 
 
Hydrothermal alteration processes have been identified and described in a large number 
of impact craters world-wide (e.g., Chicxulub [Zürcher and Kring, 2004], Subudury [Mungall et 
al., 2004], Bosumtwi [Morrow, 2007]), based mainly on petrographic observations of the target 
rocks. In the case of Chicxulub the hydrothermal alteration was also pointed out by the low 
resistivity found through 2D electrical data [Unsworth et al., 2002].  
Besides providing key information in mineral exploration surveys and geological 
mapping, the recognition of hydrothermal zones using gamma-ray spectrometry can be important 
for understanding the geological evolution of impact craters. Additionally, the identification of 
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zones of distinct gamma-ray signatures within the crater may highlight features associated with 
the structural evolution of the crater, such as the annular basin, central uplift and rim. 
  In this context, we have analyzed high-resolution airborne gamma-ray spectrometry data 
of the SdC impact structure, in order to map its superficial geometry, as well as to investigate 
whether the gamma-ray signatures were related to specific lithologic units, or to eventual hydro-  
thermal alteration zones. To our knowledge, this work constitutes one of the few contributions 
that show the potential of gamma-spectrometric data in providing valuable geological 
information about a terrestrial impact crater.  
2. AIRBONE GAMMA-RAY DATA ACQUISITION AND PROCESSING  
Data acquisition, sensor calibration and processing were carried out by University of São 
Paulo (USP) which in turn was contracted by the Brazilian National Petroleum Agency (ANP) to 
conduct an airborne geophysical survey covering the entire Parnaiba Basin. This basin is located 
in the northeast portion of Brazil and the data were acquired in the period 2004–2006. In this 
section we describe the main aspects of the data acquisition and processing; for further details 
readers are referred to Horsfall [1997] and Minty et al. [1997].  
The gamma-ray spectrometer employed in the survey is composed of 512 channels and 
the energy spectra are in the range of 50 keV to 3 MeV. All energy above 3 MeV is detected as 
cosmic rays. Radiometric counts per second (cps) were registered by detection of gamma-rays 
within four specific energy windows of K
40
 (peak at 1.46 MeV), Bi
214
 (peak at 1.76 MeV) and 
Tl
208
 (peak at 2.62 MeV). Bi
214
 and Tl
208
 are daughter isotopes of the radioactive chains of U
238
 
and Th
232
, respectively. 
  Raw counts were converted into element concentrations based upon the premise of 
radioactive equilibrium  between parent elements and daughter products [e.g., Telford,  1990]. 
The following standard steps were applied during data  processing: (i) correction for the airplane 
radiation, cosmic  background radiation and atmospheric attenuation, by using an upward-
looking detector; (ii) correction for the Compton scattering, also known as stripping correction; 
(iii) calculation of K, equivalent U and equivalent Th concentrations  from their respective 
corrected channel counts; (iv) smoothing by applying a low-pass filter; (v) microlevelling by 
least square fit of crossover errors between flight lines and control lines. 
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  Stripping factors are calculated by measuring the radiometric response from artificially 
prepared calibration pads that are saturated with the appropriate isotopes. For a given gamma-ray 
detector system, these factors tend to remain constant over a long period of time, but it is usual 
practice to check and recalculate them periodically. 
The radon isotope is part of the U
238
 decay series and immediately precedes Bi
214
. The 
diffusion of this gas into the atmosphere results in a loss of Bi
214
 and hence the uranium 
abundance may be underestimated. To mitigate this effect, the Bi
214
 channel was also corrected 
for the presence of atmospheric radon from large time count rates of the upward-looking sensor 
[International Atomic Energy Agency, 1991; Minty, 1997].  
3. GAMMA-RAY SIGNATURES  
Gamma-ray spectrometry data show outstanding circular patterns which fit remarkably 
well the different annular sectors of SdC defined by Kenkmann et al. [2011], such as the region 
around the crater rim, annular basin, collar and central uplift. However, a comparison of the 
boundaries of the different stratigraphic units that outcrop in the interior of SdC, shown by the 
black lines in Figures 7.3a–7.3c, with the gamma ray patterns indicates that, although the gamma 
ray anomalies follow these boundaries, they do not coincide spatially. Both the region around the 
crater rim and most of the part of the annular basin corresponds to Pedra de Fogo Formation, 
which is the highest stratigraphic level. However, the K distribution does not show high values 
on the region around the crater rim, whereas the annular basin expresses the higher anomalies. 
The distribution shows the prominent anomaly on the region around the crater rim, whereas the 
annular basin exposes the lower values.  A similar analysis can be done for the U distribution. 
Some patterns seem to be related mostly to the structural zones within SdC than to the different 
stratigraphic units, which are comprised of mostly the same type of rocks (sandstones). The only 
region that is not comprised of sandstone is the central part of the structure, which is comprised 
of shales of the Longá Fm., and which has a distinctive signature of high K, U and Th. 
  Figure 7.3a shows the K channel exhibiting high concentrations (around 0.50%) for the 
collar and the central uplift boundary. Other circular anomalies are also observed in the interior 
of the annular basin with similar values. The region around the crater rim, however, shows lower 
K levels (between 0.19 and 0.3), so that it is not well outlined by this element. The Th channel, 
shown in Figure 7.3b, highlights anomalous signatures related to the central uplift, annular basin 
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and region around the crater rim. At the central uplift this element shows anomalies in the range 
of 8 ppm to18 ppm. The region around the crater rim shows clear and sectioned anomalies with 
high values between 15 and 23 ppm. The remarkable signature of the region around the crater rim 
is also observed in the U channel (Figure 7.3c) with values reaching 3.2 ppm. Finally, a strong 
gradient is observed between the Th and U anomalies on the central uplift and on theregion 
around the crater rim in comparison with the anomalies of the annular basin (Figure 7.3d). The 
annular basin exhibits lower Th and U values, usually around 4 and 1 ppm, respectively. As the 
annular basin is more eroded and weathered than the region around the crater rim and the central 
uplift, these lower values are to be expected. 
  The most common sources of K-bearing minerals are alkali potassic feldspars and micas. 
During alteration, feldspars are completely replaced, whereas micas may lose only part of their K 
content [Serra, 1994]. Minerals resulting from the alteration of micas (clay minerals) therefore 
contain varying amounts of K. The concentrations of this element generally decrease with 
increasing weathering. However, K can persist for some time in regoliths where it is adsorbed on 
the surfaces of clay minerals to partially satisfy substitutions of Si
+4
, Al
+3
, Fe
+2
 and Mg
+2
 
[Wilford, 2012]. Samples from SdC were submitted to X-ray fluorescence (XRF) analysis. The 
result showed elevated Al2O3 levels in sandstones from the central uplift (i.e., 1.4–13.8%), and 
also in shales from a borehole drilled [Departamento Nacional de Produção Mineral, 1972] near 
the center of the structure (i.e., 5.6–26%). Hence, these elevated Al2O3 levels could be related to 
muscovite and this mineral, in turn, may be responsible for the K anomalies in the soils from the 
center (derived from Longá shales), from the collar (sandstones with muscovite) and in the 
remaining annular basin area.  
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Fig. 7.3- Gamma-ray individual channels of SdC showing the remarkable signatures of all three elements (a) K 
channel showing the location of the profile between points “A” and “B” shown in Figure 7.2d. (b) Th, (c) U. All 
channels have shown an outstanding signature of the central uplift region, whereas the K channel does not much 
expression on the region around the crater rim. (d) Profile showing the relationship between topography and radio 
elements in distinctive colors (red dashed line: K; green dashed line: Th; blue dashed line: U; upper black line: 
topography) (1- central uplift; 2- region around the crater rim; 3- annular basin). Thin black lines in Figures 7.2a–
7.2c mark the boundaries between the sectors of the crater: collar, central uplift and rim. 
 
According to Hansen [1975], sandstone generally has Th contents between 0.7–2.0 ppm 
and U contents between 0.2–0.6 ppm. Th levels in shales are usually between 8 and 18 ppm, 
whilst U levels tend to be between 1.5 and 5.5 ppm. The results presented in Figures 7.3b and 
7.3c show Th and U values above the usual values for sandstones at the region around the crater 
rim and central uplift. Serra [1994] affirms that sandstones are characterized for having low K 
level and high Th and U levels. According to the author, high levels of Th and U can occur very 
often due the presence of heavy minerals like zircon, allanite, monazite and/or epidote. These 
minerals are Th and U-bearing and give rise to some radioactivity in pure sandstones. 
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Furthermore, both Th and U released during weathering are readily adsorbed onto clay minerals. 
In fact, XRF results showed high concentrations of zirconium (between 133 and 342 ppm) in the 
shales from the borehole drilled in the central region, what therefore may justify the Th and U 
anomalies in the central region of SdC. As Th occurs in the Fe-oxide phases commonly found in 
laterites (maghemite, hematite and goethite) [Dickson and Scott, 1997], and Th and U also are 
easily adsorbed onto Fe-oxides, these mineral phases may explain the high Th and U 
concentrations on  
the region around the crater rim, since laterites are quite common there.  
The presence of K anomalies in the inner sectors of SdC, at the same time that Th and U 
anomalies are restricted mainly to the central uplift, appears consistent with the hypothesis of 
remobilization of hydrothermal fluids during the late stages of crater formation. The cratering 
process indeed produces thermal energy that may result in a hydrothermal fluid flow [Pirajno, 
2009]. This hydrothermal circulation is probably related to hydrothermal fluids of impact that can 
vent at the surface and produce enrichment in certain elements, like K. Therefore, most area of 
SdC appears to be controlled by the structural boundaries and then the anomaly may be produced 
by the hydrothermal fluids. Only the area where the Piauí Fm. occurs (at the central uplift and in 
the annular basin) is slightly coincident with the gamma signature.  
Figure 7.3d shows the relationship between the three radio elements and the topography 
along a N-S profile between points “A” and “B”. On average, values of the Th channel are 
around 10 times higher than in the U channel, and both have high values on the region around the 
crater rim and central uplift. On the other hand, K has a prominent signature with high values 
within SdC, which decreases abruptly towards the crater rim.  
4. ENHANCEMENT OF GAMMA-RAY ANOMALIES 
We have employed two techniques to enhance the characteristics of the superficial 
geology and structures of SdC crater as shown by gamma-ray data. The first technique uses the 
Kd parameter, which is defined by Saunders et al. [1987] and Pires [1995] as: 
Kd= (K-Ki) /Ki                                  (1) 
  Equation (1) defines K deviations as the differences between observed K (K) and what 
would be an ideal K value (Ki). Ki is the observed K in areas where hydrothermal alteration does 
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not occur. Thus, in principle, Ki reflects only the mineralogy and geochemistry of the bedrock 
and, eventually, the nature of weathering [e.g., Wilford et al., 1997]. A reasonable assumption is 
that Th distributions in such areas would tend to correlate with K linear distributions. A linear 
regression therefore would be sufficient to model the data. The premise assumes that Th is 
geochemically more stable than U and K and usually correlates better with lithology [Adams and 
Gasparini, 1970]. Therefore, Th is regarded as a lithological control parameter. The result of this 
technique produces a map of K deviations presented in Figure 7.4.  
Pires [1995] adapted the method initially proposed by Saunders et al. [1987] for 
identification of hydrothermal areas in Crixás-Guarinos (Goiás, Brazil), using airborne gamma-
ray spectrometry. The author adopted a linear model passing through the origin and with the 
slope given by the ratio between the average values of K and Th.  
 
Fig. 7.4- Kd map with histogram equalization. Horizontal and vertical coordinates are given in UTM. Observe the 
very high Kd anomaly on the southwestern region of SdC (in red). 
 
In this work we have performed a robust linear regression of K on Th for the background 
values (Figure 7.5), using a bi-square weight function with a tuning constant equal to 4.685 [e.g., 
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Street et al., 1988]. We considered all values outside SdC as background. Figure 7.5 exhibits the 
three distinctive linear standards for each of the regions: central uplift, annular basin and 
background. The linear equation with its calculated coefficients for this particular case reads as:  
Ki= 0.2112 + 0.0015Th            (2) 
The second technique is the production of a ternary RGB map (Figure 7.6) using the 
direct decorrelation stretch (DDS) color saturation technique [Liu and Moore, 1996], representing 
respectively K, Th and U concentrations. Ternary composition combines colors generated from 
the relative intensities of the three elements. It is commonly used to show subtle variations in 
their intensities and is useful for interpretation purposes. It is usual to assign K to red, Th to green 
and U to blue because the U channel contains the lowest signal-to-noise ratio and this procedure 
tends to reduce its prominence in the final image [Milligan and Gunn, 1997]. 
 
Fig. 7.5- Scatter diagrams of (a) Potassium versus Thorium with a line fitted (green) to the background values. (b) 
Uranium versus Thorium. With the colors depicting points in particular areas of the crater and its surroundings. 
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5. PROMINENT K ANOMALIES RELATED TO IMPACT CRATERING PROCESS  
Of the three elements K, is the most often affected by hydrothermal alteration processes, 
whereas Th is less often modified and U is the least affected. The anomalous distribution of K 
within the crater can be clearly seen in Figure 7.3. These anomalies are depicted on the Kd map of 
Figure 7.4. Conversely, the spatial distribution of U follows that of Th throughout almost the 
whole study area. Therefore, it would not be suitable to produce an equivalent anomalous map of 
U. 
  The Kd map depicts strong positive anomalies on the western side of SdC crater. The most 
prominent peak is located on the southwestern portion of the structure and the weaker anomalies 
are concentrated on the northwestern portion. There is also an interesting linear feature oriented 
in the NNE-SSW direction that can be identified on both, the Kd and the ternary map (Figure 
7.6). The K level is anomalous along this entire linear feature, as it can be seen by following the 
shadows on the Kd map cutting the entire crater zone. This specific feature crosses the crater rim 
and appears to control the development of drainage, and it is not clearly observed in the 
individual gamma-ray maps of Figure 7.3. This feature may be related to either strata exposed by 
deeper erosion or to NE-SW structures that may be related to a directional impact, as suggested 
by Kenkmann et al. [2011]. Later tectonic events of reactivation of the basin may also be 
associated with this feature. 
 
Fig. 7.6- Three-dimensional view showing the ternary RGB image with the colors enhanced by the DDS technique, 
superimposed on SRTM digital elevation model with 90 meters of spatial resolution. Notice the K anomaly of the 
annular basin and the higher concentrations of Th and U on the region around the crater rim. The label ‘F’ indicates 
the fault plane referred in Figure 7.4. 
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  The ternary map of Figure 7.6 highlights the high K concentration within the annular 
basin and a relatively high U concentration within the central uplift. There are high 
concentrations of U and Th on the region around the crater rim, which appear to be related to 
topographic elevations, 
 especially in the southern portion of SdC. 
6. CONCLUSIONS 
  Gamma-ray data analysis has not been fully exploited in the context of impact crater 
studies. We present here an innovative approach in using such data for analyzing gamma-ray 
signatures that might be related to fluid circulation processes following the formation of the Serra 
da Cangalha impact crater. This approach has proved to be effective in the case of SdC, where the 
crater is characterized by high concentrations of K. These K anomalies can be highlighted by the 
Kd method, using the linear relation between K and Th, whereas the overall gamma signatures 
related to the crater are highlighted by a decorrelation stretch color saturation technique applied 
to the ternary RGB image. Our results provided a map showing the annular anomalous gamma-
ray patterns within the structure, which correlated well with the structural zones of the crater 
proposed by Kenkmann et al. [2011].The full geological/mineralogical meaning of these 
anomalies will only be understood through detailed field work in this area, which is planned for 
the near future. Our results suggest that K anomalies can be related to higher than usual 
concentrations of clay minerals and muscovite within SdC, whereas Th and U are linked to heavy 
mineral distribution. Thus, these results suggest that enrichment in certain elements may have 
occurred as a result of hydrothermal processes related to the formation of SdC crater. 
ACKNOWLEDGMENTS 
The authors are grateful to the ANP for providing the gamma-ray data to develop this research. 
São Paulo Research Foundation (FAPESP) is acknowledged for providing financial support through 
research grant 2008/53588-7. A.P. Crósta was also supported by the Brazilian National Council for 
Scientific and Technological Development (CNPq) through research grant 30334/2009-0. 
M.AR.Vasconcelos also thanks CNPq for his PhD grant. The two anonymous reviewers are acknowledged 
for their comments and suggestions that contributed significantly to improve the paper.  
The Editor wishes to thank two anonymous reviewers for their assistance in evaluating this paper.  
 
 199 
 
REFERENCES 
Adams, J. A. S., and P. Gasparini (1970), Gamma Ray Spectrometry of Rocks, 295 pp., Elsevier, 
New York.  
Airo, M. L. (2002), Aeromagnetic and aeroradiometric response to hydrothermal alteration, Surv. 
Geophys., 23, 273–302, doi:10.1023/A:1015556614694.  
Cook, S. E., R. J. Corner, P. R. Groves, and G. J. Grealish (1996), Use of airborne gamma 
radiometric data for soil mapping, Aust. J. Soil Res., 34, 183–194, doi:10.1071/SR9960183.  
Departamento Nacional de Produção Mineral (1972), Relatório de pesquisa de diamante 
industrial na região da Serra da Cangalha, estado de Goiás, Rep. 805.015/70 805.019/70, Co. de 
Pesqui. de Recur. Minerais, Brasilia.  
Dickson, B. L., and K. M. Scott (1997), Interpretation of aerial gamma ray surveys- adding the 
geochemical factors, AGSO J. Aust. Geol. Geophys., 17, 187–200.  
Efimov, A. V. (1978), Multiplikativniyj pokazatel dlja vydelenija endogennych rud po 
aerogamma-spectrometriceskim dannym, in Metody Rudnoj Geofiziki, pp. 59–68, Nedra, 
Leningrad, Russia.  
Graham, D. F., and G. F. Bonham-Carter (1993), Airborne radiometric data: A tool for 
reconnaissance geological mapping using a GIS, Photogramm. Eng. Remote Sens., 58, 1243–
1249.  
Grieve, R. A. F. (2006), Impact Structures in Canada, Geotext, vol. 5, 210 pp., Geol. Assoc. of 
Can., St. John’s, Nfld.  
Hansen, D. A. (1975), Geological Applications Manual for Portable Gamma-Ray Spectrometers, 
87 pp., Exploranium, Toronto, Ont., Canada.  
Horsfall, K. R. (1997), Airborne magnetic and gamma-ray data acquisition, AGSO J. Aust. Geol. 
Geophys., 17(2), 23–30. International Atomic Energy Agency (1991), Airborne gamma ray 
spectrometer surveying, Tech. Rep. Ser. 323, Vienna.  
Kenkmann, T., M. A. R. Vasconcelos, A. P. Crósta, and W. U. Reimold (2011), The complex 
impact structure Serra da Cangalha, Tocantins State, Brazil, Meteorit. Planet. Sci., 46, 875–889, 
doi:10.1111/j.1945-5100.2011.01199.x.  
Liu, J. G., and J. M. Moore (1996), Direct decorrelation stretch technique for RGB colour 
composition, Int. J. Remote Sens., 11, 1005–1018.  
Milligan, P. R., and P. J. Gunn (1997), Enhancement and presentation of airborne geophysical 
data, AGSO J. Aust. Geol. Geophys., 17(2), 63–75.  
Minty, B. R. S. (1997), Fundamentals of airborne gamma-ray spectrometry, AGSO J. Aust. Geol. 
Geophys., 17, 39–50.  
Minty, B. R. S., A. P. J. Luyendyk, and R. C. Brodie (1997), Calibration and data processing for 
airborne gamma-ray spectrometry, AGSO J. Aust.Geol. Geophys., 17, 51–62. 428 
 200 
 
Morrow, J. R. (2007), Shock-metamorphic petrography and micro Raman spectroscopy of quartz in upper 
impactite interval, ICDP drill core LB-07A, Bosumtwi impact crater, Ghana, Meteorit. Planet. Sci., 42, 
591–609, doi:10.1111/j.1945-5100.2007.tb01063.x.  
Mungall, J. E., D. E. Ames, and J. J. Hanley (2004), Geochemical evidence from the Sudbury structure for 
crustal redistribution by large bolide impacts, Nature, 429(6991), 546–548, doi:10.1038/nature02577.  
Pilkington, M., and R. A. F. Grieve (1992), The geophysical signature of terrestrial impact craters, Rev. 
Geophys., 30, 161–181, doi:10.1029/ 92RG00192. 438 
Pirajno, F. (2009), Hydrothermal Processes and Mineral Systems, 1250 pp., Springer, Berlin, 
doi:10.1007/978-1-4020-8613-7.  
Pires, A. C. B. (1995), Identificação geofisica de áreas de alteração hidrotermal, Crixás-Guarinos, Goiás, 
Rev. Bras. Geocienc., 25(1), 61–68.  
Plescia, J. B., E. M. Shoemaker, and C. S. Shoemaker (1994), Gravity survey of the Mount Toondina 
impact structure, South Australia, J. Geophys. Res., 99, 13,167–13,179, doi:10.1029/94JE00660.  
Quadros, T. F. P., J. C. Koppe, A. J. Strieder, and J. F. C. L. Costa (2003), Gamma-ray data and 
integration for Lode-Au deposits exploration, Nat. Resour. Res., 12(1), 57–65, 
doi:10.1023/A:1022608505873.  
Saunders, D. F., S. A. Terry, and C. K. Thompson (1987), Test of National Uranium Resource Evaluation 
gamma-ray spectral data in petroleum reconnaissance, Geophysics, 52(11), 1547–1556, 
doi:10.1190/1.1442271.  
Serra, O. (1994), Fundamentals of Well-Log Interpretation, Dev. Pet. Sci., vol. 15A, Elsevier, Amsterdam.  
Shives, R. B. K., B. W. Charbonneau, and K. L. Ford (2000), The detection of potassic alteration by 
gamma-ray spectrometry: Recognition of alteration related to mineralization, Geophysics, 65(6), 2001–
2011, doi:10.1190/1.1444884.  
Street, J. O., R. J. Carroll, and D. Ruppert (1988), A note on computing robust regression estimates via 
iteratively reweighted least squares, Am. Stat., 42, 152–154, doi:10.2307/2684491. 
Unsworth, M., O. C. Enriquez, S. Belmonte, J. Arzate, and P. Bedrosian  (2002), Crustal structure of the 
Chicxulub impact crater imaged with magnetotelluric exploration, Geophys. Res. Lett., 29(16), 1788, 
doi:10.1029/2002GL014998. 
Wilford, J. R. (2012), A weathering intensity index for the Australian continent using airbone gamma-ray 
spectrometry and digital terrain analysis, Geoderma, doi:10.1016/j.geoderma.2010.12.022, in press. 
Wilford, J. R., P. N. Bierwirth, and M. A. Craig (1997), Application of airbone gamma-ray spectrometry 
in soil/regolith mapping and applied geomorphology, AGSO J. Aust. Geol. Geophys., 17, 201–216. 
Zürcher, L., and D. A. Kring (2004), Hydrothermal alteration in the core of the Yaxcopoil-1 borehole, 
Chicxulub impact structure, Mexico, Meteorit. Planet. Sci., 39, 1199–1221, doi:10.1111/j.1945-
5100.2004.tb01137.x.  
A. P. Crósta, E. P. Leite, and M. A. R. Vasconcelos, Institute of Geosciences, University of 
Campinas, Rua João Pandiá Calógeras, 51, Campinas, SP 13083-870, Brazil. 
(vasconcelos@ige.unicamp.br) 
 201 
 
B. CAPÍTULO VIII 
Geophysical signatures of the Riachão impact 
structure, Brazil 
 
M.A.R. Vasconcelos
1
, A.P. Crósta
1
, M.V. Maziviero
3
 
E.C. Molina
2
 
W.U. Reimold
3
 
 
1
Institute of Geosciences, University of Campinas, Campinas, SP, Brazil 
2
Astronomical and Geophysical Institute, University of São Paulo, SP, Brazil 
3
Museum für Naturkunde, Leibniz Institute at the Humboldt-Universität Berlin, Berlin, Germany 
 
 
Resumo publicado (43
rd
 Lunar and Planetary Science Conference, Houston, Texas/Estados Unidos. 
2012, abstract 1120) 
 
 202 
 
 203 
 
1. INTRODUCTION 
The Riachão impact structure, centered at 7
o42’S/46o38’W, is a complex impact structure 
of ~4 km diameter with a 1.4 km wide central uplift that is located in Maranhão State, 
northeastern Brazil. It was formed in Phanerozoic sedimentary rocks of the Parnaíba Basin, 
which was developed over a Cambro- Ordovician rift system. Its sedimentary record comprises 
Silurian, Devonian and Carboniferous-Triassic sequences. Riachão was discovered by NASA 
astronauts during the 1975 Apollo-Soyuz Test Project. It is thought to have been substantially 
eroded, resulting in limited exposures of deformed bedrock (mostly sandstones). In the 1980s 
Riachão was studied by [1], but no clear impact evidence was found. Recent studies by the 
authors uncovered evidence that Riachão is indeed an impact crater, in the form of a rare PDF set 
in a quartz grain. Here, we present the geophysical signatures of Riachão based on gamma-ray 
spectrometric, magnetic and gravity studies. Gamma-ray spectrometry is usually not employed in 
the geophysical analysis of impact structures. However, cratering processes cause a number of 
physical/chemical changes in the bedrocks, including the remobilization of hydrothermal fluids, 
which may directly modify the composition of target rocks and, consequently, of the soils related 
to these rocks. 
Magnetic data are frequently used to characterize impact craters, as they typically present 
a dominant, low magnetic anomaly that truncates the regional magnetic fabric [2]. These data are 
also used to characterize other shallow and thin magnetic sources that may occur in the annular 
basin of an impact structure. Gravity data can be used to define the limit of deformation in eroded 
craters, as in the case of Riachão. 
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2. GEOLOGICAL SETTING 
Riachão crater has a slightly elliptical shape, with the major elliptical axis trending in 
NW-SE direction, as well as the central elevation with a diameter of 1.5 km. There is a regional 
trend of lineaments along NW-SE, a direction that coincides with the major elliptical axis. Based 
on limited bedrock exposures at the structure, the dominant stratigraphic unit in the outer parts of 
the crater seems to be the Permian Pedra de Fogo Fm. The outermost, horseshoe-shaped elevation 
comprises pre-impact brecciated sandstones, whereas the central elevation exposes outcrops of 
the Carboniferous Piauí Formation. This elevation is part of the eroded crater rim, which rises 30 
m above the surrounding terrain. The rim exhibits a depressed sector in the northeast (Fig. 8.1). 
Based on the target rock geology, the age of the structure can be stratigraphically constrained as 
<240 Ma. 
3. DATA PROCESSING 
Data acquisition, sensor calibration and data processing were carried out in 2004-2006 by 
staff from the University of São Paulo (USP) and AGP-LA, contracted by the Brazilian National 
Petroleum Agency (ANP) [3,4] to a broad airbone survey. After the processing of the raw 
magnetic data we applied an upward continuation filter, ranging from 100 to 150 meters, in order 
to remove the remaining noise along the flight lines regional anomaly. Additionally, ground 
magnetic data were acquired by the authors along a 3 km long WNW-ESE transect crossing the 
eastern rim and passing through the annular basin. Data collection points were spaced at 50 m. 
On average, 3 measurements were collected at each point. The data were corrected for the diurnal 
variation, and the regional field was estimated as a constant value of 25023.1 nT, originating the 
residual magnetic anomaly pattern. The Bouguer gravity anomaly was obtained by applying the 
free-air, Bouguer, and terrain corrections, with the removal of the regional field following the 
robust polynomial technique [5]. 
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Fig. 8.1- Topography derived from ASTER GDEM- GlobalDigital Elevation Model- over the Riachão impact 
structure and an elevation profile along the NE-SW direction (whiteline) indicating the structure’s diameter (D) of ~4 
km and central uplift (CU). Warm colors in the upper figure represent relatively higher elevations. 
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3. RESULTS 
Gamma spectrometric data show low concentrations of K, Th and U along the crater rim 
in comparison with the other parts of the crater. Whereas the crater rim signatures correspond to 
about 0.3 wt% K, 2.8 ppm Th and 0.6 ppm U the signatures over the surrounding areas 
correspond to approximatelly 1.6 wt%, 11.8 ppm and 2.3 ppm, respectively. The central 
uplift of Riachão also shows a strong gamma-ray signature. A RGB image showing the combined 
distribution of these elements is shown in Fig. 8.2. The low quantity of radioactive elements is 
likely related to the strong weathering both within and outside of the structure. This weathering 
process may have carried the elements into topographically lower areas in the neighborhood of 
the crater. 
 
Fig. 8.2- Concentrations of K, Th and U, shown as RGB ternary composition map. The white circles represent the 
points where magnetic data were acquired. 
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Magnetic data show a slight increase of values towards the west (Fig. 8.3) and there is a 
low magnetic anomaly at the crater rim in the east. The annular basin presents 3 positive peaks 
with short wavelenghts that are not obvious along the remaining profile. They certainly represent 
shallow and thin sources beneath the crater floor, and we consider that they may be related to 
magnetized bodies embedded during the modification stage, maybe representing impact breccia. 
Although Riachão is deeply eroded, these bodies may still represent remnants of breccia. 
Concerning the gravity signature, Riachão is located within a regional negative anomaly 
(~-0.3 mGal). An unexpected positive and large wavelength anomaly is located in the region of 
the annular basin (Fig. 8.4) with peak value of ~0.3 mGal near the central uplift. It is known that 
usually many impact structures have residual negative Bouguer anomalies, the amplitudes of 
which are directly correlated with the crater diameter [2]. However, Riachão does not exhibit this 
typical gravity signature, possibly because of significant erosion. The positive anomalies 
observed could be related to relatively denser bodies in the target rock. 
 
Fig. 8.3- Magnetic profile across Riachão impact crater acquired along the WNW-ESE direction (compare with Fig. 
8.2). 
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Fig. 8.4- Gravity map of the Riachão impact structure superimposed onto topographic image. Dashed lines represent 
the outermost boundary of the structure and the outer limit of the central uplift. 
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4. CONCLUSIONS 
Our geophysical analysis shows that gamma-ray spectrometry is a promising method to 
map impact structures. In this case, the rim and the central uplift of the Riachão structure were 
quite well delineated. The crater rim exhibits low concentrations of the three radiometric 
elements, whereas the interior of Riachão structure and the crater environs show relatively higher 
levels. Ground magnetic data allowed differentiating the rim from the annular basin that is 
characterized by the occurrence of short wavelength anomalies related to yet unknown shallow 
and thin sources. Finally, the gravity signature of Riachão shows two localized positive 
anomalies in the annular basin that do not have equivalents in the region around the crater. They 
may be related to the impact event, although further studies are necessary to prove it. 
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CAPÍTULO IX 
Síntese das principais conclusões 
Dentre as quatro estruturas analisadas a partir de dados aerogeofísicos de baixa resolução 
Santa Marta (SM) é uma potencial candidata a ter sido formada por impacto meteorítico, embora 
não exiba todas as características geofísicas esperadas, ao contrário de São Miguel do Tapuio 
(SMT). Já Riachão (Ria) possui feições geofísicas semelhantes à estrutura de impacto de Mount 
Toondina (Austrália), cuja origem meteorítica foi recentemente confirmada com base na 
ocorrência de feições de choque em grãos de quartzo. O anel elevado de Ria é marcado pela 
ausência de K, Th e U, ao passo que sua porção central é marcada por alta concentração dos três 
elementos. Além disso, dados magnéticos e gravimétricos terrestres mostraram a existência de 
anomalias rasas na porção da bacia anelar de Ria.  
SdC apresenta notável assinatura  gamaespectrométrica com alta concentração relativa de 
K, Th e U na área do seu núcleo soerguido. A região externa ao limite da estrutura forma um 
padrão perfeitamente circular com altas concentrações de Th e U e baixa concentração de K. A 
elevada concentração relativa desses elementos no perímetro de SdC e Ria pode estar relacionada 
a processos hidrotermais gerados pelo impacto, o que deverá ser objeto de investigação por meio 
de análises  geoquímicas em projetos  futuros.  
Dados aeromagnéticos mostram que o embasamento de SdC está localizado a uma média 
de 1,9 km de profundidade na região externa à estrutura, alcançando profundidades entre  500-
1000 metros abaixo do núcleo soerguido, caracterizando assim o soerguimento estrutural do 
mesmo. Já os dados magnéticos terrestres ressaltam  anomalias de curto comprimento de onda 
relacionadas a fontes com profundidades <50 metros. Essas fontes, também presentes em Ria, 
podem estar relacionadas a corpos magnéticos encaixados durante o processo de formação da 
cratera, apesar de não haver indícios claros em superfície de feições que poderiam gerar tais 
assinaturas. 
Os dados gravimétricos terrestres mostram uma anomalia gravimétrica de 1 mGal na 
porção central de SdC e os modelos 2,5D gerados, associados aos modelos numéricos, indicam 
que a deformação em SdC pode ter alcançado profundidades de até ~2km, provocando leve 
soerguimento do embasamento na  porção central e dos estratos a ele sobrepostos. 
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Do ponto de vista geológico, uma contribuição substancial deste trabalho foi a 
comprovação de que SdC foi, de fato, formada por um evento de impacto meteorítico, por meio 
da identificação inédita de feições macro e microscópicas de deformação por choque. Dentre as 
feições macroscópicas identificadas estão as brechas polimíticas e os shatter cones, ambos 
encontrados na depressão central da estrutura. As feições microscópicas de choque incluem 
Feather Features, Planar Fractures e Planar Deformation Features formados ao longo de 
(0001), e que ocorrem em rochas provenientes principalmente da área do colar. Os PDFs foram 
encontrados nas amostras de shatter cones, exceto um encontrado em uma amostra do 
testemunho de sondagem da Fm. Longá, proveniente de uma profundidade de ~90 m. Todas essas 
feições indicam que os estratos encontrados no nível erosivo atual foram submetidos a pressões 
entre 5-10 GPa. Há ainda ocorrência frequente de cimento ferruginoso em amostras do núcleo 
soerguido, principalmente nas brechas polimíticas, além de intenso fraturamento in situ, atípicos 
da Bacia do Parnaíba. Nas seções delgadas dos folhelhos da Fm. Longá observa-se a atuação de 
deformação dúctil e rúptil, aqui atribuída à deformação provocada pelo impacto. A deformação 
rúptil é representada por micro falhas que deslocam camadas e grãos, ao passo que dúctil é 
representada pela boudinage de grãos e micro-dobramento de camadas. 
O mapa geológico proposto para SdC, apresentado nos Apêndices 2 e 3, difere do mapa 
apresentado por McHone (1986) no que diz respeito tanto ao grau de detalhamento das unidades 
lito-estratigráficas, como também à área de ocorrência  das formações. A principal diferença 
reside na área de ocorrência da Fm. Pedra de Fogo que, além dos entorno, compõe também 
grande parte da bacia anelar. Além disso, o núcleo soerguido da estrutura não se restringe 
unicamente à área topograficamente mais expressiva e bem preservada, que é seu colar, mas a 
área maior, com diâmetro de ~5.8 km. 
As estruturas sedimentares estão amplamente distribuídas nas proximidades da borda 
externa de SdC, não tendo sido modificadas ou obliteradas pela deformação decorrente do 
impacto. Feições em menor escala são observadas até mesmo na zona de limite do núcleo central. 
Além disso, SdC possui elevações interiores observadas em campo, imagem de satélite e dados 
gamaespectrométricos, que correspondem a proeminente cristas formadas em rochas da Fm. 
Pedra de Fogo, que por vezes se encontram dobradas. 
A maioria das deformações de estrato está visível nas rochas expostas do colar. A análise 
estrutural destes estratos revela que SdC apresenta assimetria em seu núcleo soerguido, 
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caracterizada por estratos invertidos que se encontram preferencialmente concentrados na porção 
norte e oeste. A análise de lineamentos aponta WNW–ESE como principal orientação dentro dos 
domínios de SdC, indicando que as fraturas formadas nesta direção provavelmente controlaram a 
deformação do núcleo soerguido. De modo geral, as feições geomorfológicas e a análise 
comparativa dos lineamentos das estruturas de SdC e  Ria diferem entre si, o que praticamente 
descarta a possibilidade de ambas terem sido formadas pelo mesmo evento de impacto. Enquanto 
SdC  teria sido  formada muito provavelmente por um bólido vindo de sudoeste para nordeste, 
Ria  teria sido formada por um meteorito vindo de noroeste para sudeste.  
Por último, os modelos numéricos gerados com o programa iSALE revelam pressões de 
choque da ordem de 10-15 GPa, considerando que as camadas atualmente expostas em SdC 
encontravam-se possivelmente a cerca de 0,5 km de profundidade; esta espessura é, portanto, 
indicativa da profundidade de erosão. O fato de que o colar de SdC se encontra atualmente mais 
elevado em comparação com a borda está provavelmente relacionado à maior atuação de 
processos erosivos nesta última. A formação da depressão central, outra feição de natureza 
possivelmente erosiva, também não pôde ser reproduzida nos modelos. De acordo com o 
resultado da modelagem a cratera de SdC teria sido formada por um bólido com 1,4 km de 
diâmetro que atingiu a superfície a uma velocidade de 12 km/s, resultando na cratera  com ~15 
km de diâmetro. O impacto teria liberado uma energia de 2,74x10
20
 J, o que corresponde a cerca 
de 64000 MT de TNT.  
 214 
 
 
 1 
 
 
 
 
 
 
 
APÊNDICE 1 
Descrições Petrográficas 
 
Este Apêndice está organizado conforme a disposição estratigráfica das rochas-alvo 
contidas na estrutura de impacto de Serra da  Cangalha, desde a mais antiga até a 
mais nova unidade: Formação Longá, Formação Poti, Formação Piauí e Formação 
Pedra de Fogo. Além disso, outras duas subdivisões foram criadas  para as brechas 
polimíticas de impacto e shatter cones.  As amostras de campo foram nomeadas 
segundo a sigla SC-XX, e as amostras dos testemunhos de sondagem foram 
nomeadas com a sigla SC-SXX O mapa de localização das amostras é apresentado 
em escala reduzida no texto da tesee em escala ampliada no Apêndice 3. 
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Formação Longá 
218 
219 
SC-S01 
Folhelho moderadamente selecionado, com grãos de quartzo subangulosos, com dimensão 
média de 100 μm, pouco fraturados, essencialmente  monocristalinos, com grãos de feldspato 
subangulosos e pontuais  (<1%) . Os grãos de  quartzo estão bem distantes entre si, separados e 
imersos em cimento carbonático, e raramente se tocam.  Há lamelas de mica pouco ou 
moderadamente deformados (Figura), localmente distribuídos. 
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SC-S05 
Intercalação de folhellhos e arenitos finos a médios. Os folhelhos apresentam maior 
concentração de óxido de ferro e micas, ambos orientados e deformados de forma a produzir 
dobras por crenulação. No entanto, esta deformação não foi impressa em todo o folhelho. 
Ocorrem também grãos de quartzo subangulosos, com tamanho da ordem de 50 μm. 
 Nos arenitos predominam os grãos de quartzo moderadamente a muito mal selecionados, 
e grão de feldspato em menor quantidade (microclínio), além de micas não deformadas. Nas 
faixas onde estão mal selecionadas (Fig. 1) os grãos de quartzo são subarredondados a angulosos 
e podem alcançar tamanho máximo de 200 μm, sobrecrescimento de borda, e estão moderada a 
fortemente fraturados e raramente se tocam.  
Alguns destes grãos apresentam o desenvolvimento incipiente de PFs. A matriz (ou uma 
espécie de pseudo-matriz, por ser resultado do fraturamento dos grãos maiores-Figs. 1 e 2) é 
composta por grãos de quartzo angulosos < 25 μm. Ainda nesta segunda região o principal 
cimento que domina é o silicoso associado com carbonático (Fig. 2), com raras concentrações de 
cimento ferruginoso (Fig. 1). Há turmalina como mineral acessório. 
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SC-S06a 
Arenito médio, mal selecionado, com grãos de quartzo monocristalinos subarredondados 
intensamente fraturados. Os grãos maiores alcançam dimensões da ordem de 500 μm (Fig. 1), ao 
passo que os graos menores subangulosos a angulosos são da ordem de < 100 μm. Os grãos 
mantém contato planar entre si e há cimento silicoso, de argilo-minerais e ferruginoso em 
algumas regiões da lâmina. Os grãos maiores apresentam frequentes PFs,  por vezes com 2 
direções e alguns demonstram o início do desenvolvimento de FFs. Os grãos menores em muitos 
pontos parecem ser resultado de fraturamento dos grãos maiores. Em alguns grãos pode-se 
observar PFs de maneira que um deles mostra deslocamento ao longo do PF (Fig. 2). Há grãos de 
feldspato em menor quantidade (<5%). 
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SC-S06b 
Arenito médio, moderadamente a mal selecionado, com grãos de quartzo extremamente 
fraturados, ora arredondados, ora muito angulosos, essencialmente monocristalinos (>95%) e 
feldspato (<5%). Possui grãos  maiores subangulosos de quartzo, da ordem de 1-4 mm, e grãos 
menores muito angulosos com dimensões da ordem de 100-200 μm que formam sua matriz (Fig. 
1). Os grãos menores angulosos foram formados pelo fraturamento dos grãos maiores, 
produzindo de fato na rocha a aparência de mal selecionamento. 
 Há frequentes PFs desenvolvidas nos maiores grãos de quartzo com ângulo de 90° entre 
os planos (Fig. 2), e FF’s formadas ao longo de alguns desses planos com ângulo de  ~30° com o 
plano da fratura (Fig. 3) . Há presença de PDF basais, formados ao longo da direção (0001), 
mostrando espaçamento entre planos  <1μm (Fig. 4).   
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SC-S07 
Folhelho bem selecionado, com grãos subangulosos de quartzo predominantemente 
monocristalino, pouco fraturado e concentrado em regiões específicas envolvidas por mica 
(Fig.1), grãos de quartzo alongados e cimento ferruginoso. Nas regiões onde se concentram os 
grãos de quartzo, estes se encontram mais proximais entre si. Possuem tamanho da ordem de 
~40μm com sobrecrescimento de borda.  Entre os grãos há material ainda  mais fino (cimento 
silicoso) juntamente com cimento ferruginoso, que mantém os grãos afastados. Em algumas 
outras regiões os grãos de quartzo mostram contato planar e côncavo/convexo. A rocha 
apresenta-se intensamente deformada com bandas de material mais quartzo brancas intercaladas 
com bandas com material contendo mais cimento ferruginoso associado com micas. Ao longo 
dessas bandas há desenvolvimento de falhas (Fig. 2) e um grão  de arenito sendo envolvido por 
quartzo neo-concentrado (Fig.2). As zonas de micas podem desenvolver sistemas de deformação 
oblíquos ao plano de deformação com aparente desenvolvimento sigmoidal do material quartzoso 
(Figs. 3 e 4). 
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SC-S09 
Folhelho bem selecionado, com grãos de quartzo monocristalinos, angulosos e anlongados 
(orientados), não fraturados, com tamanho da ordem de 20 μm. A rocha apresenta forte trama 
levemente dobrada marcada por cristais de  muscovita/argilominerais e óxido de ferro. Há 
também grãos de minerais opacos com mesma dimensão dos grãos do arcabouço. A estrutura 
geral da rocha apresenta dois  claros domínios: o primeiro com predomínio de grãos de quartzo 
que formam como que lentes; o segundo e mais escurso  marcado pelo aumento da quantidade de 
micas e cimento ferruginoso. Ambos apresentam-se orientados segundo a trama da rocha, 
mostrando intensa deformação dos estratos (Figs. 1 e 2). Em algumas regiões nota-se o contorno 
bem definido de grão de arenito deformado e seccionado pela trama da rocha (Fig. 3), indicando 
que a foliação neste caso é posterior ao fragmento. A concentração de material arenoso é 
frequentemente bem definida, além de frequentes fraturas preenchidas por quartzo que secionam 
a rocha sem orientação preferencial (Fig. 4). 
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SC-S11 
Folhelho bem selecionado, com grãos de quartzo monocristalinos, angulosos e alongados 
(boudinados), não fraturados, com tamanho da ordem de 20 μm. A rocha apresenta uma forte 
trama levemente dobrada marcada por muscovita/argilominerais e óxido de ferro como cimento. 
Há também grãos de minerais opacos, com mesma dimensão dos grãos do arcabouço. 
Diferentemente das amostras SC-S09, SC-S14 e SC-S16, esta amostra apresenta lentes de arenito 
descontínuas (tendem a se adelgaçar nas pontas), com grãos de quarzto angulosos < 100 μm. 
Aparentam aspecto de estiramento (boudinagem) ao longo da trama da rocha (Figs. 1 e 3).  
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SC-S13 
Siltito fino mal selecionado, com grãos maiores de quartzo monocristalino, subangulares a 
angulares, pouco fraturados (Fig. 1), com tamanho variando entre 75 e 350 μm, além de grãos de 
óxidos de ferrro subarredondados, da ordem de 25 μm. Estes grãos maiores não se tocam, mas 
estão flutuando em um cimento formado por agilominerais, óxido de ferro e quartzo orientados. 
A mostra apresenta forte trama, e os grãos de muscovita e argilominerais contornam os grão de 
arenito, mostrando que são posteriores à deformação impressa pelo impacto (Figs. 2 e 3) 
(dobram-se, moldando-se em torno dos grãos de arenito). Os grãos de quartzo submilimétricos 
apresentam-se  estirados ao longo da foliação (Fig.3).  
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SC-S14 
Folhelho bem selecionado, com grãos de quartzo monocristalinos, angulosos e alongados 
(orientados), não fraturados, com tamanho da ordem de 20 μm. A rocha apresenta uma forte 
trama marcada por cristais de  muscovita/argilominerais levemente dobradas e óxido de ferro. Há 
também grãos de minerais opacos, com mesma dimensão dos grãos do arcabouço. A rocha 
apresenta uma forte trama com intercalação de material mais  claro rico em quarto, com material 
mais escuro, rico em micas e óxidos de ferro. Essa trama apresentação intensamente deformada 
com dobras abertas a apertadas (Figs. 1 e 2) e por vezes material quartzoso bem individualizado 
(Figs. 2 e 4). A trama pode apresentar deslocamento provocado por falhas milimétricas locais 
(Fig. 3). 
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SC-S16 
Folhelho bem selecionado, com grãos de quartzo monocristalinos, angulosos e alongados 
(orientados), não fraturados, com tamanho da ordem de 20 μm. A rocha apresenta uma forte 
trama marcada por cristais de  muscovita/argilominerais levemente dobradas e óxido de ferro. Há 
também grãos de minerais opacos com mesma dimensão dos grãos do arcabouço. A exemplo das 
seções delgadas previamente desritas, a seção delgada SC-S16 apresentam intercalação de 
camadas claras/escuras extremamente deformadas e orientadas segundo a trama da rocha (Figs. 1 
e 2). Apresenta fraturas preenchidas por material quartzoso  que pode apresentar deslocamento ao 
longo de seu plano (Fig. 1). 
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SC-20 
Arenito médio a grosso, moderada a fortemente selecionado, com grãos que variam desde 
subarredondados a muito angulosos (Fig. 1) de quartzo predominantemente monocristalino, 
subordinadamente policristalinos, podendo estar levemente a fortemente fraturado (Fig. 2), 
dependendo da região, com tamanho da ordem de 300- 500 μm, por vezes mostando Healed 
fractures. Os grãos mais angulosos maiores, e menores, que dão aspecto de má selecionamento, 
não são deposicionais, mas resultam do fraturamento pelo impacto. As fraturas por vezes 
ultrapassam os limites entre grão, dando continuidade no grão posterior que se encontra em 
contato (Fig. 3), e podem se mostrar preenchidas por cimento ferruginoso. Alguns destes grãos 
mostram fina camada de sobrecrescimento sintaxial.  
Os grãos pouco se tocam, ou se tocam em contato predominantemente planar, por vezes 
côncavo/convexo, e estão imersos em um cimento predominantemente ferruginoso (Fig. 1), e em 
algumas regiões há cimento silicoso em menor quantidade. A rocha também apresenta fraturas 
extensionais que são preenchidas por grãos de quartzo de menor dimensão juntamente com 
cimento ferruginoso. 
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SC-120 
Arenito médio, moderada a bem selecionado, com grãos de quartzo subangulares a 
angulares, predominantemente monocristalinos, moderadamente fraturados, com tamanho da 
ordem de 200 μm . Localmente pode apresentar grãos maiores de quartzo mono e policristalinos, 
da ordem de 700 μm  até  3,5 cm (Fig. 1). Os monocristalinos exibem Feather Features 
incipientes que apresentam material ferruginoso ao longo de seus  planos (Fig. 2) .  Micas não 
deformadas a levemente deformadas, com tamanho da ordem de 150 μm, estão presentes em 
pouca quantidade na rocha como mineral acessório. Os grãos do arcabouço se tocam 
frequentemente em contato predominantemente planar, e subornidadamente côncavo/convexo, e 
estão imersos em uma grande quantidade de cimento ferruginoso.  
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SC-121 
Arenito fino, moderada a bem selecionado, com grãos de quartzo subangulares a 
angulares, predominantemente monocristalinos, subordinadamente policristalinos,  
moderadamente fraturados, com tamanho da ordem de 100 μm (Figura). Apresenta frequentes 
grãos de muscovita moderadamente deformada, com tamanho da ordem de 200 μm. Os grãos do 
arcabouço se tocam em contato planar e por vezes côncavo/convexo e estão imersos em grande 
quantidade de cimento ferruginoso igualmente presente em toda a lâmina.  
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SC-154  
Arenito fino, moderada a bem selecionado, com grãos de quartzo subangulares a 
angulares, predominantemente monocristalinos, subordinadamente policristalinos,  raramente 
fraturados, com tamanho da ordem de 100-150 μm (Fig. 1). Apresenta grãos de muscovita pouco 
deformados, com tamanho 150-250 μm (Fig. 2). Os grãos do arcabouço se tocam frequentemente 
em contato planar e por vezes côncavo/convexo e suturado. O principal cimento que une os grãos 
é o silicoso, havendo concentrações de cimento ferruginoso em regiões específicas (Fig. 1) e 
estão sempre subordinados ao cimento silicoso. 
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239 
SC-23 
Arenito fino a médio, mal selecionado(aparente mal selecionamento decorrente do 
impacto), com grãos  subangulosos a angulosos de quartzo (95%) monocristalino fortemente 
fraturado (Fig. 1), com dimensões da ordem de 75 μm, e alguns destes mostrando 
sobrecrescimento de borda. As fraturas não são homogêneas, e provocam deslocamento dos grãos 
em diversas regiões (Fig. 2).   
Há ocorrência  de  grãos de mica localizados e bem deformados, além de grãos 
subangulosos de feldspato (5%) como microclínio (geminação albita-periclina) e ortoclásio (~150 
μm). Os grãos se tocam por contato planar em algumas regiões, entretanto a rocha é dominada 
por cimento silicoso e ferruginoso preenchendo os espaços intergranulares. A rocha apresenta 
textura como de fluxo, marcada por muscovitas alongadas e grãos de  quartzo somados a 
concentração de óxidos nestas regiões (Fig. 3). Embora os grãos aparentem o aspecto cataclasado 
a rocha não possui feições de impacto. 
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SC-29 
Conglomerado, sustentado pela matriz arenosa, aparentemente muito  mal selecionado, 
com grãos de quartzo maiores subarredondados a muito angulosos, arredondados (1-2 cm) e 
grãos  menores subangulosos (~200 μm). Possui grande quantidade de  quartzo policristalino e 
monocristalino extremamente fraturados (Fig. 1). O fraturamento mostra grãos com o contorno 
do grão original (Fig. 2). Há fragmentos líticos de siltito (rocha bem fina mostrando grãos de 
quartzo e mica) (~1,5 cm) e chert (2-4 cm). Os grãos pouco se tocam, e quando acontece, o 
contato é tipicamente planar. Os grãos do arcabouço são separados por cimento silicoso e 
ferruginoso. Há grãos  muito  pequenos e intensamente fraturados e pontiagudos que representam 
a matriz da rocha (ou pseudo-matriz se  essa material for resultado do fraturamento pelo impacto. 
Há o desenvolvimento incipiente de FF’s que algumas vezes se mostram  com ângulos bem 
abertos, da ordem de 80° (Fig. 3), ou com ângulos bem fechados, da ordem de 15° , praticamente 
tangenciais (Fig. 4). 
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SC-43 
Arenito fino a médio, bem selecionado, com grãos de quartzo essencialmente 
monocristalinos, angulosos a extremamente angulosos (Figs. 1 e 2), levemente fraturados, com 
tamanho da ordem de 100-150 μm (Fig. 3). Grãos de quartzo com sobrecrescimento de borda são 
comuns. Os grãos em geral são bem proximais e se tocam em contato planar e frequentemente 
côncavo/convexo. Os grãos do arcabouço estão imersos em cimento silicoso e numa aparente 
matriz (pseudo matriz), com grãos de quartzo < 50 μm extremamente angulares. Esses grãos 
menores angolosos não são deposicionais, mas sim o resultado do fraturamento dos grãos do 
arcabouço, produzindo o aspecto de mal selecionamento em certas áreas (Fig. 1). Há muito pouco 
cimento ferruginoso concentrado em regiões específicas da lâmina. Há poucos grãos de 
muscovita, com tamanho < 100 μm, pouco deformados. 
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SC-84 
Arenito  fino a médio, moderadamente selecionado, com grãos de quartzo monocristalinos 
e extremamente fraturados (Figs. 1 e 2), subanglosos a angulosos, com tamanho de ~250 μm.  Há 
ainda  ocorrência  de  feldspato (<1%) e mica moderadamente deformada. O contato entre os 
grãos é planar e côncavo/convexo e há matriz (pseudo-matriz) formada  de grãos de quartzo. Os 
grãos estão imersos em cimento silicoso e cimento de argilo-minerais em porções localizadas. 
Grande parte das fraturas presentes nos grãos de quartzo foram produzidas no processo de 
laminação. 
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SC-92 
Arenito médio, bem selecionado, com grãos de quartzo subaredondados, pouco fraturados 
e predominantemente  monocristalinos, com tamanho de ~200 μm. A rocha apresenta tambem 
grãos localizados de feldspato (<1%) e grãos de mica (~300 μm) moderadamente deformados 
com alta e baixa cores de interferência (2 tipos diferentes de mica), além de conter turmalina 
como mineral acessório. Os grãos se tocam com contato côncavao convexo e estão em  meio ao 
cimento silicoso e cimento ferruginoso subordinado (Figura).  
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SC-96 
Arenito médio, mal selecionado. compreendendo grãos subangulosos a angulosos  de 
quartzo (85%). Há grãos angulosos divididos em grãos maiores  (100 μm) mais arredondados, e 
grãos menores (<50 μm) mais pontiagudos predominantemente monocristalinos com 
policristalinos subordinados.  Ocorrem também grãos de feldspato (15%), como ortoclásio, e 
mica moderadamente deformada. Os grãos mantém contato planar e côncavo/convexo com os 
adjacentes e há cimento predominantemente silicoso entre eles, e faixas ao longo das quais se 
concentra cimento ferruginoso. Apesar dos grãos se apresentarem fraturados, nao há registros de 
feições de choque. 
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SC-97 
Arenito médio, moderadamente selecionado, com grãos de quartzo subangulosos (~150 
μm) a angulosos, levemente fraturados, monocristalinos e policristalinos, além de grãos de 
feldspato em menor quantidade (<1%), fragmentos líticos de calcedônia (?) e muscovita 
moderadamente deformada. Os grãos praticamente não se tocam, flutuando em cimento 
ferruginoso em grande quantidade, e em cimento silicoso. 
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SC-102 
Arenito médio, bem selecionado, com grãos subangulosos de quartzo  moderadamente 
fraturados (Fig. 3), predominantemente monomíticos com grãos polimíticos subordinados, com 
dimensão de ~300 μm (Fig. 1), exibindo Healed fractures (Fig. 2) em muitos grãos. Possui grãos  
subangulosos de feldspato (<1%), micas moderadamente deformadass, e turmalina (alta cor de 
interferência rosa com pelocroísmo forte verde amarronzado, com hábito bipiramidal) de ~100 
μm como mineral acessório. Este arenito não possui matriz, possui grãos muito proximais 
(arcabouço fechado-Fig. 3) que frequentemente se tocam com contatos côncavo/convexos e 
planares. O espaço entre grãos é preenchido por cimento silicoso e ferruginoso (Fig. 4). Se 
enquadra 
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SC-108 
Arenito médio, bem selecionado, com grãos subarredondados a angulosos, composto 
predominantemente por quartzo levemente fraturado, com dimensões de ~350 μm. Os grãos são 
muito proximais,  com arcabouço extremamente fechado e mostrando aparente contato planar, 
côncavo/convexo e frequentemente suturado/cerrilhado, mostrando aparente invasão de borda de 
grão (Fig.1). Há fina camada de cimento ferruginoso, silicoso e de argilominerais entre os grãos.  
Aparentemente há sobrecrescimento dos  grãos de quartzo, mas que nao se apresenta tão 
claro como nas lâminas do shatter cone (SC-22). Se assim for, os grãos não mantém  contato 
entre si, mas somente os cimentos sobrecrescidos. Foram encontradas FF’s encurvadas e MDL’s 
em alguns grãos de quartzo. Há planos de fratura (aparentemente semelhantes  aos planos 
observados nos shatter cones) que ultrapassam o limite das bordas de grão (Fig.2), de forma que 
ao longo dele sao desenvolvidos varios FF em grãos distintos (Fig.3). Apesar de não  estar 
contida em outras amostras,a intensa silicificação observada nessa e nas lâminas de shatetr cone, 
expressa através do sobrecrescimento dos grãos  pode ser resultado de processos diagenéticos. 
Pode-se chegar ao ponto de  pruduzir dissolução dos grãos de quartzo conferindo a falsa 
impressão de contato  cerrihado (Figs. 1 e 4). 
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SC-109 
Arenito médio, moderadamente selecionado, com grãos subarredondados a muito  
angulosos de quartzo (Figs. 1 e 2) predominantemente monocristalinos e subordinadamente 
policristalinos, e feldspato (~200 μm) em menor quantidade (1%). Os grãos são pouco a 
moderadamente fraturados e imersos em cimento ferruginoso e cimento silicoso subordinado. A 
lâmina apresenta nítido zoneamento que a divide em duas regiões: 1a. com mais cimento 
ferruginoso, onde os grão são menores (<300 μm), e a 2a. com menos cimento ferruginoso, onde 
os grãos são notavalmente maiores (> 350 μm) (Fig. 3). Nesta região com  menos cimento o 
contato contato entre os grãos é  mais frequente, podendo ser planar a côncavo/convexo. 
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SC-123 
Arenito médio, mal selecionado, com grãos de quartzo muito angulosos (Fig.1), raramente 
subarredondados, predominantemente monomíticos  e raramente fraturados, com dimensões 
variando entre 150 μm a 250 μm. Em alguns grãos se observa o deslocamento provocado por 
fraturas (Fig. 2), em outros pode-se observar o grão todo fraturado ainda com contorno de sua 
borda (Figs. 3 e 4) As fraturas  não são tão visívies no interior dos grãos, pois, diferentemente da 
lâmina SC-05, os grãos aqui já se encontram mais separados e individualizados. Os grãos são em 
sua maioria quarzto (99%) e há feldspatos em menor quantidade (1%), além de muscovitas 
levemente deformadas, turmalina e rutilo como minerais acessórios. Raros sãos os grãos com 
contatos planares e côncavo/convexos, e é comum a presença de cimento ferruginoso (Fig. 2) e 
de argilominerais. Os grãos de quartzo apresentam em algumas regiões sobrecrescimento 
sintaxial. 
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SC-124 
Arenito fino, bem selecionado, com grãos angulosos a muito angulosos de quartzo 
monomítico bastante fraturados, com dimensão da ordem de 100 -150 μm. Há grãos de feldspato 
em  menor quantidade (<1%) e micas não-deformadas a levemente deformados (Fig. 1). O 
Arcabouço mostra-se aberto com grãos que pouco se tocam e estão imersos em um cimento 
predominantemente carbonático poiquilotópico (Fig. 2 e 3) com regiões pontuais de cimento 
ferruginoso (Fig. 2). 
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SC-129 
Arenito médio, moderadamente selecionado, com grãos de quartzo subangulosos e 
subarredondados predominantemente monomíticos e subordinadamente monomíticos bastante 
fraturados, com dimensão de ~350 μm (Fig.1). A  rocha ainda apresenta localmente mica 
altamente deformada (Fig.2) e grãos de feldspato em menor quantidade (<1%). Os grãos são bem 
proximais e os espaço entre eles é preenchido por cimento ferruginoso e silicoso (Fig. 3). Há 
indícios de dissolução de grãos instáveis (grandes espaços entre grãos) após a compactação e 
regiões que mostram que primeiramente houve precipitação da sílica e posteriormente do ferro 
(Fig.4). O cimento de ferro demonstra ser posteriror à compactação mecânica. O contato entre os 
grãos é planar a côncavo/convexo. A textura da rocha se assemelha às rochas dos pontos SC-108, 
SC-109, e dos shatter cones dos pontos SC-42a,b, entretanto não há desenvolvimento de feições 
de choque. 
256 
 
 
257 
SC-150 
Arenito fino a médio, mal selecionado, com grãos de quartzo muito angulosos a 
subangulosos, bastante fraturados (Figura), essencialmente monomíticos e subordinadamente 
polimíticos, com tamanho variando entre 200 μm (mais comuns) a 700 μm. Há grãos localizados 
de mica, que se encontram pouco deformados. Os grãos são bem proximais e se tocam com 
contato planar  e côncavo/convexo. Há grande quantidade  de cimento ferruginoso e silicoso entre 
os grãos. 
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SC-203 
Arenito fino, mal selecionado, com grãos de tamanhos não homogêneos, aparentemente 
fraturados (no entanto, as fraturas aqui apresentadas foram produzidas no processo de 
laminação), subangulosos de quartzo  monocristalino. Os grãos maiores de quartzo tem 
dimensões que variam entre 200- 350 μm, enquanto os menores, que perfazem a pseudo matriz, 
tem tramanho de < 100 μm (Figura). Há ocorrência de mica levemente deformada pela 
compressão dos grãos de quartzo ao redor. A rocha apresenta um zoneamento no qual há 
presença de cimento ferruginoso em grande quantidade, mudando fortemente o aspecto da 
lâmina. Além disso há minerais de ferro submm abundantemente em contato com os grãos de 
quartzo. A maior parte dos  grãos não se tocam e estão imersos numa matriz (ou pseudo-matriz) 
formada por grãos de quartzo angulosos a extremamente angulosos somado imersos em um 
cimento silicoso. A fotomicrografia desta seção delgada não é apresentada devido a um 
fraturamento artificial que foi impresso na rocha durante seu processo de polimento. 
 
259 
 
 
 
 
Formação Piauí 
260 
261 
SC-05 
Arenito médio, mal selecionado, com grãos subarredondados maiores e menores muito 
angulosos, compostos  predominantemente por quartzo monomítico (99%), com tamanho da 
ordem de 80 μm (Fig.1), moderadamente a bastante fraturados, além de  grãos polimíticos 
pontuais. O grau de fraturamento varia muito nos grãos do arcabouço desta rocha, de forma que a 
heterogeneidade do fraturamento reflete esta variação (não há um padrão de fraturamento similar 
em todos os grãos). O fraturamento é planar e curvilíneo e pode imprimir deslocamento em 
muitos grãos (Fig. 2). O fraturamento é o responsável pela angulosidade e mal selecionamento 
dos grãos (Fig. 3). 
A rocha é composta também por grão de feldspato (1%) (microclínio e ortoclásio) com 
~60 μm e micas de ~25 μm levemente deformadas com baixa cor de interferência. O contato 
entre os grãos é planar a côncavo/convexo e há  cimento  silicoso e ferruginoso entre os grãos. 
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SC-07a 
Arenito fino, moderadamente selecionado, com grãos de quartzo subarredondados a 
arredondados monomíticos pouco fraturados (99%), com dimensões da ordem de 150 μm 
(Figura), por vezes mostrando sobrecrescimento de borda. Há ainda grãos subarredondados de 
feldspato, com tamanho de cerca de 100 μm, dispersos na lâmina (<1%) e micas levemente 
deformadas apresentando baixa cor de interferência. Há cimento silicoso e ferruginoso entre os 
grãos, de maneira que os grãos pouco se tocam. 
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SC-11 
Arenito fino, moderadamente selecionado, apresentando grãos subarredondados, 
composto predominantemente de quartzo monocristalino sem fraturas (policristalino < 1%), com 
dimensão da ordem de 100 μm, apresentando frequentemente sobrecrescimento. Há ainda 
ocorrências de micas com pouca ou nenhuma deformação. Os grãos são separados por cimento 
ferruginoso, que por sua vez predomina, além de cimento silicoso  subordinado. A rocha 
apresenta uma aparente trama marcada pelo material ferruginoso. 
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SC-25 
Arenito fino com grãos moderadamente selecionados, subarredondadose e levemente 
fraturados, composto predominantemente por quartzo monocristalino (policristalino <1%) com 
tamanho da ordem de 300 μm (Figs. 1 e 2), por vezes com sobrecrescimento de borda. Há 
ocorência de micas levemente dobradas, com dimensões > 300 μm. O arenito não possui  matriz 
e o espaço entre grãos é preenchido por cimento ferruginoso, silicoso e localmente por 
argilomineral (Fig. 1).  
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SC-33 
Arenito fino, bem selecionado, com grãos de quartzo essencialmente monomíticos 
subarredondados poucos fraturados com tamanho da ordem de 200 μm (Fig. 1) e polimíticos 
subordinados, alguns mostrando Healed Fractures (Fig. 2). Há epidoto como mineral acessório. 
O grãos são bem proximais (Fig 3), com contato moderadamente planar,  há cimento silicoso e 
ferruginoso em menor quantidade entre eles. Em algumas regiões o cimento dissolveu e 
substitutiu grãos de quartzo. Esta rocha ilustra bem o exemplo de que se tem o arcabouço original 
da Fm. Piauí. 
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SC-36a 
Arenito médio, moderadamente selecionado, com grãos de quartzo suubarredondados, 
minimamente  fraturados, predominantemente monocristalinos e subordinadamente 
policristalinos, com tamanho da ordem de 350 μm. Há fragmentos líticos e grãos de feldspato 
subarredondados, com dimensões da ordem de 200 μm, dispersos na lâmina (<1%), além de 
zircão como mineral acessório. Os grãos se tocam com contatos planares e côncavo/convexos, 
mas são geralmente separados por cimento silicoso e ferruginoso em menor quantidade. 
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SC-36b 
Arenito médio, mal selecionado, com grãos maiores angulosos a subangulosos bastante 
fraturados (Fig. 1), com tamanho da ordem de 400 μm e grãos menores angulosos compostos 
predominantemente  por quartzo monocristalino e polimítico < 100 μm. O mal selecionamento e 
fraturamento estão associados à deformação pelo impacto, alterando as feições diagenéticas 
originais da rocha. Alguns grãos de quartzo mostram-se fraturados de maneira que ainda se pode 
observar seu contorno e remontar o grão inicial (Fig. 1). A feição original do arcabouço, apesar 
do fraturamento, ainda mantém-se em preservada em muitos pontos, além disso ele se mantém 
relativamente fechado. Além disso, há grão de feldspato (< 1%) (ortoclásio) subarredondados, da 
ordem de 400 μm, e micas fortemente deformadas (Fig. 2). O arcabouço da rocha é ora fechado, 
ora aberto, provocado pelo fraturamento dos grãos, de maneira que o contato é planar e 
comumente côncavo/convexo. O grãos são predominantemente de quartzo com ocorrência de 
grãos menores de feldspato. Além disso, o espaço entre grãos é preenchido por cimento de óxido 
(Fig. 3) e cilimento silicoso. O cimento ferruginoso parece substituir o cimento silicoso em 
algumas regiões, bem como as bordas de muitos grão de quartzo. Em algumas regiões observa-se 
raros grãos com contato suturado diagenético bem preservado (Fig. 4).  
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SC-47 
Arenito fino com grãos bem selecionados e subangulosos, de quartzo predominantemente 
monocristalino, que apresentam dimensões da ordem de 200 μm (Fig. 1), frequente crescimento 
de borda,e por vezes Healed fractures. Poucos grãos de feldspatos foram observados (<1%), 
sendo constituídos em sua maioria por ortoclários, além de haver grãos de mica levemente 
dobrados espalhados pela lâmina. O espaço entre grãos é preenchido por cimento ferruginoso e 
silicoso (Fig. 2). O cimento silicoso demontra algumas vezes ter substituído grãos por inteiro 
durante o processo diagenético. É notável intenso fraturamento in situ dos grãos em que o 
contorno dos grãos ainda se observa. Há grãos menores resultado deste fraturamento dos grãos 
maiores (Figs. 3 e 4).  
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SC-106 
Arenito fino, com seleção moderada de grãos de quartzo subarredondados, levemente  
fraturados predominantemente monocristalinos, com dimensões de ~250 μm (Fig. 1). Há grãos de 
feldspato (<1%) e muscovita deformados. Os grãos pouco se tocam, e os espaços são preenchidos 
por cimento ferruginoso, silicoso e eventualmente cimento argilo-mineral (Fig. 2). Há faixas com 
maior  concentração de cimento de óxido, e outras nas quais os grão estão mais proximais, com 
pouca quantidade de cimento entre si. 
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SC-107 
Arenito fino, bem selecionado, com grãos subangulosos, levemente fraturados, composto 
predominantemente por quartzo monocristalino, por vezes policristalino (<1%), com tamanho 
médio da ordem de 100 μm (Fig. 1). Há micas com baixa cor de interferência deformadas e 
fragmentos líticos pontuais de xisto (com tamanho da ormde de ~300 μm, marcados por grande  
concentração de  micas), feldspato com tamanho da ordem de 100 μm, além de zircão como 
mineral acessório. Algumas micas mostram-se levemente deformadas, podendo se tratar de 
deformação causada por compactação mecânica (Fig. 2).  O arcabouço é mais aberto com grãos 
flutuantes nos cimentos. O espaço entre os grãos é preenchido por cimento silicoso e ferruginoso, 
e o contato é planar, quando ocorre. 
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SC-114 
Arenito fino, moderadamente selecionado, com grãos subangulosos e subarredondados 
predominantemente de quartzo (Fig. 1)  monocristalino, pouco fraturado e policristalino 
subordinado, ambos exibindo frequentes sobrecrescimento de borda. Há grãos de mica alongados 
e dobrados (Fig. 2) e com hábito em leque, com tamanho da ordem de 200 μm, grãos de feldspato 
subarredondados, e grãos <50 μm de turmalina e zircão como minerais acessórios. O contato  
entre os grãos é planar a côncavo/convexo, com cimento silicoso, e por vezes cimento 
ferruginoso em menor quantidade se sobrepondo ao  silicoso (Fig. 3).  
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SC-115a 
Arenito médio , mal selecionado, com grãos maiores de quartzo subarredondados (~500 
μm) em  meio a grãos menores (150 μm) angulosos a subangulosos compostos essencialmente  
por quartzo monocristalino e  micas levemente deformadas a não-deformadas (Fig. 1), e grãos de 
feldspato em baixa quantidade (<1%). Alguns grãos de quartzo apresentam Healed fractures 
(Foto). 
Os grãos de zircão (<1%) são da ordem de 100 µm e por vezes apresentam zonamento 
(Fig. 2). Os grãos estão sustentados por cimento silicoso em sua  maioria e subordinadamente por 
cimento ferruginoso, que em algums regiões se mostram cominuindo a borda dos grão de 
quartzo. 
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SC-115b 
Arenito médio, bem selecionado, com grãos de quartzo arredondados a subarredondados 
monomíticos e polimíticos (<1%) não fraturados com tamanhos da ordem de 150 μm (Fig. 1) 
Observou-se que alguns graos de qtzo apresentam deformação lamelar metamórfica (MDL).  Há 
também grãos  dispersos  de feldspato (<1%) e micas moderadamente deformadas. As micas 
aparentam demonstrar duas gerações. A primeira exibe cor de interferencia colorida e não 
presenta deformações. A segunda apresenta diferentes hábitos, geralmente com cor de 
interferencia cinza e bordeja os cristais de quartzo (Fig. 1). Eventualmente podem apresentar kink 
bands e apresentar-se dobradas e com clivagens (Fig. 2). Há  também zircão (~120 µm) como 
mineral acessório apresentando alta cor de interferência e algumas fraturas. Os grãos estão 
flutuantes em meio a um cimento silicoso, que perfaz a maioria da lâmina, e um cimento 
ferruginoso subordinado, que em, algumas regiões se mostra substituindo o cimento silicoso. 
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SC-116 
Arenito fino,mal selecionado, com grãos subangulares de quartzo (~200 μm), (Fig. 
1)levemente fraturados  e, apresentando sobrecrescimento de borda em alguns grãos (Fig. 2). Os 
grãos são constituídos predominantemente por quartzo monomítico que apresentam forte 
extinção ondulante e grãos de mica por vezes dobrados (Fig. 3), além de feldspatos (<1%) 
subangulares e zircão (< 100 μm) como mineral acessório. O contato é planar/côncavo, quando 
ocorre (Fig. 1). Pontualmente há fragmento lítico de xisto, com muscovita, que também é 
observado nas muscovitas das demais seções delgadas. Há cimento ferruginoso entre os grão da 
matriz, que cominui a borda dos grãos de quartzo (Fig. 4), bem como o cimento silicoso, 
mostrando que se formou posteriormente a esse. 
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SC-179 
Arenito fino, bem selecionado, com grãos subarredondados de quartzo, 
predominantemente monocristalinos e não fraturados, com tamanho da ordem de ~350 μm (Fig. 
1). Muitos dos grãos de quartzo apresentam sobrecrescimento de borda (Fig. 2). Há também 
grãos de mica e feldspato em menor quantidade (<1%). Os grãos se tocam frequentemente por 
conta contato planar, e há em muitas áreas cimento silicoso em maior quantidade juntamente com 
cimento ferruginoso subordinado. 
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Formação Pedra de Fogo 
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283 
SC-10a 
Siltito com grãos de quartzo monocristalinos angulares, não fraturados, < 50 μm, 
associados com grãos de óxido de ferro e muscovita de mesmo tamanho. A rocha apresenta 
porções com orientação dos grãos maior que em outras. Onde a orientação dos grãos é marcante, 
é melhor destacada por cimento silicoso e ferruginoso, onde os grãos de quartzo mostram-se 
alongados (Foto). O cimento ferruginoso ocorre em grande quantidade em toda a lâmina, além de 
preencher as fraturas existentes na rocha. Há ainda cimento albítico poiquilotópico recobrindo 
demais grãos, o que muito provavelmente  indica presença de processos hidrotermais. 
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SC-010b 
Arenito médio, bem selecionado, com grãos subarredondados de quartzo essencialmente 
monocristalino, com grãos policristalinos subordinados pouco  fraturados (Fig. 1). Os grãos se 
tocam por contato pontual ou planar, mas estão separados em sua maioria por cimento silicoso e 
subordinadamente por cimento ferruginoso. O cimento feruginoso é coberto pelo silicoso em 
algumas áreas. Além disso, há cimento albítico poiquilotópico (um mesmo cristal do cimento 
englobando vários grãos do arcabouço) que está fortemene presente em praticamente toda a 
lâmina, com cristais  da ordem de 200 μm deste mineral (Figs. 2 e 3). Há sobrecrescimento de 
quartzo em algumas regiões, mostrando camadas muito finas ao redor do grãos (diferente do 
sobrecrescimento presente nas amostras de shatter cone). 
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SC-016 
Arenito médio a grosso, bem selecionado, com grãos subarredondados de quartzo 
predominantemente monocristalinos e subordinadamente policristalinos, não fraturados, com 
tamanho da ordem de 350 μm (Fig. 1). Os grãos de quartzo apresentam discreto crescimento 
secundário de quartzo, e podem apresentar também Healed fractures (Fig. 2). Há também micas 
com baixa cor de interferência, tamanho da ordem de 200 μm, levemente deformadas pela 
compactação mecânica entre os grão maiores de quartzo. O arcabouço é fechado, e os grãos se 
tocam frequentemente com  contato  planar e côncavo/convexo, e  os espaços intergranulares são 
preenchidos predominantemente por cimento silicoso e secundariamente ferruginoso, 
concentrado em certas áreas da seção delgada.   
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SC-59 
Arenito grosso, bem selecionado, com grãos de quartzo subarredondados, 
predominantemente monocristalinos e subordinadamente policristalinos, não fraturados, com 
dimensões da  ordem de 400 μm (Figura). Os grãos são aparentemente flutuantes, dificilmente se 
tocam, e estão  imersos em uma massa de grande quantidade de cimento ferruginoso presente em 
toda a lâmina, e em cimento silicoso  subordinado. Observa-se que o arcabouço é aparentemente 
aberto porque houve dissolução de grãos pelo cimento ferruginoso (Figura). A quantidade de 
cimento ferruginoso presente nesta lâmina está acima da média das demais. 
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SC-135 
Arenito médio, bem selecionado,com grãos subarredondados e subangulares de quartzo 
essencialmente monocristalino  e não fraturado com tamanho variando entre 100-400 μm (Fig. 1).  
Os grãos formam um arcabouço aparentemente fechado, mas que é marcado pela presençca de 
cimento sintaxial de quarto. Há também grãos de feldspato (ortoclásio) em menor quantidade 
(<1%), subangulares, com tamanho de ~150 μm. Os espaços intergranulares são preenchidos 
predominantemente por fina camada de cimento ferruginoso (Fig. 2) e subordinadamente por 
cimento silicoso. Essa amostra ilustra bem as características deposicionais e diagenéticas da Fm. 
Pedra de Fogo, tais como grau de empacotamento, arredondamento dos grãos, cimentação. 
Admite-se que essa preservação se deva ao fato desta se encontrar mais distante do núcleo de 
SdC. 
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SC-138 
Arenito médio, moderadamente selecionado,  com  grãos subarredondados de quartzo 
predominantemente monocristalino e mais raramente policristalino não fraturados, com dimensão 
variando entre 100-500 μm (Fig. 1). Há grãos dispersos  de feldspato (<1%) subarredondados e 
não fraturados. Os grãos são bem proximais com seus adjacentes e apresentam contatos planares 
e côncavo/convexos com os espaços intergranulares preenchidos por cimento silicoso e cimento 
ferruginoso subordinado. Essa amostra ilustra bem as características deposicionais e diagenéticas 
da Fm. Pedra de Fogo, tais como grau de empacotamento, arredondamento dos grãos, 
cimentação.  
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SC-175 
Arenito médio, moderadamente  selecionado, com grãos do arcabouço subangulares e 
subarredondados de quartzo monocristalino não fraturados, com tamanho de ~350 μm, por vezes 
apresentando sobrecrescimento de borda (Fig. 1). Os grãos se tocam pouco ou por contato planar 
e estão imersos em uma matriz formada por grãos de quartzo com tamanho da ordem de 50 μm e 
cimento ferruginoso (Fig. 2) preenchendo o restante dos espaços. 
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SC-184 
Arenito médio, mal selecionado, com grãos de quartzo subarredondados a arredondados 
maiores (400-600 μm) (Fig. 1), essencialmente monocristalinos, com policristalinos subordinados 
e feldspato em menor quantidade  (<1%). Os grãos do arcabouço são levemente  fraturados, 
podem apresentam Healed fractures (Fig. 2), pouco se tocam, e estão imersos em uma matriz 
com grãos de quartzo e feldspato angulosos (< 50 μm) e concentrações locais de cimento 
ferruginoso e cimento silicoso subordinadamente. 
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Shatter cones 
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293 
SC-22b2 
Arenito médio a grosso, bem selecionado, com grãos subarredondados que compreendem 
predominantemente quartzo monocristalino e uma elevada quantidade de grãos policristalinos 
(6%) se comparada com as demais seções delgadas. Os grãos apresentam-se intensamente 
fraturados (Fig. 1) e frequente sobrecrescimento de borda (Fig. 2) reduzindo  mais  os espaços 
intergranulares dando a impressão de que se trata de contatos suturados.  É comum a presença de 
cimento silicoso com mica apresentando hábido fibro-radial entre os  grãos. A diferença desta 
seção delgada para a SC-22c subsequentemente descrita é que esta apresenta birrefringência mais 
alta, caracterizando mais o aspecto de cimento de argilominerais. Nesta amostra também o 
cimento silicoso apresenta-se como sobrecrescimento mais nitidamente que na amostra anterior 
(Ss:sobrecrescimento sintaxial). As fraturas apresentam continuidade ao longo de vários grãos 
contíguos, e claramente seccionam  tanto o cimento silicoso sintaxial (Fig. 2), como grãos de 
xisto que se encontram por vezes deformados entre grãos (Fig. 3), mostrando terem sido 
desenvolvidas posteriormente à cimentação. É possível observar FF’s que se tornaram pouco 
desenvolvidas em alguns grãos de quartzo com ângulo de ~45° (Fig. 4) 
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SC-22c 
Arenito médio a grosso, bem selecionado, com grãso subarredondados que compreendem 
predominantemente quartzo monocristalino e uma elevada quantidade de grãos policristalinos 
(6%) se comparada com as demais seções delgadas. Os grãos apresentam-se intensamente 
fraturados (Fig. 1) e frequente sobrecrescimento de borda reduzindo  mais  os espaços 
intergranulares dando a impressão de que se trata de contatos suturados.  É comum a presença de 
cimento silicoso com mica apresentando hábido fibro-radial entre os  grãos. Há poucas FF’s 
localizadas  (Fig.)  com ângulo de ~45°  e não foram encontrados PDF’s. 
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SC-42a1 
Arenito grosso, moderada a mal selecionado, com grãos de quartzo com tamanho da 
ordem de 400 μm, e menores da ordem de 100 μm (Fig. 1), subarredondados a subangulosos, 
pouco a moderadamente fraturados, predominantemente monocristalinos, com forte extinção 
ondulante. Os grãos se tocam frequentemente em contato planar e côncavo/convexo, de maneira 
que há pouco espaço intercristalino. Em alguns grãos, a exemplo dos shatter cones observados no 
ponto SC-22b2, observa-se sobrecrescimento de borda. O arcabouço é sustentado por fina cama 
da de cimento silicoso entre os grãos, e principalmente por cimento de argilomineral + cimento 
ferruginoso (Fig. 2). Observa-se o frequente desenvolvimento de Feather Features (FFs) nos 
grãos de quartzo (Figs. 3 e 4) com ângulo de ~45°, de maneira que em um dos grãos esta feição 
foi desenvolvida ao longo do plano de fratura do shatter cone. Notável é perceber que este plano 
de fraturamento foi responsável pelo cisalhamento do grão. Este fato pode contribuir para o 
entendimento de que de fato os planos de fratura dos shatter cones são planos de caráter 
cisalhante, e ao longo dos quais a pressão pode alcançar 8 GPa, devido à existência das FFs. 
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SC-42a2  
Arenito grosso, moderada a mal selecionado, com grãos de quartzo com tamanho da 
ordem de 400 μm, e menores da ordem de 100 μm (Fig. 1), subarredondados a subangulosos, 
pouco a moderadamente fraturados, predominantemente monocristalinos, com forte extinção 
ondulante. Os grãos se tocam frequentemente em contato planar e côncavo/convexo, de maneira 
que há pouco espaço intercristalino. Em alguns grãos, a exemplo dos shatter cones observados no 
ponto SC-22b2, observa-se sobrecrescimento de borda. O arcabouço da rocha nesta seção 
delgada mostra-se com mais espaço, e neste corte a rocha se mostra com grande quantidade de 
cimento e ferruginoso (Fig. 2). Além disso há frequentes espaços no qual o cimento silicoso 
substituiu um grão inteiro de quartzo. Observa-se o frequente desenvolvimento de Feather 
Features (FFs) nos grãos de quartzo (Fig. 3) e um PDF foi encontrado na borda de um grão de 
quartzo (Fig. 4). 
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SC-42b 
Arenito grosso com grãos predominantemente monocristalinos e policristalinos 
subordinados de quartzo subarredondados a angulares, levemente a moderadamente fraturados, 
com tamanho da ordem de 400 μm (Fig. 1).  Há feldspato (ortoclásio) subangulares compondo o 
arcabouço em menor quantidade. Os grãos do arcabouço são extremamente proximais, de 
maneira que o contato entre os grãos é frequente de forma côncavo/convexa ou mesmo suturada. 
A fratura do shater cone ultrapassa o limite dos grãos e há como que material ferruginoso em 
seus planos (Fig. 2) Diferentemente das seções delgadas das amostras do ponto SC-22, os grãos 
aqui não exibem um contorno de grão com sobrecrescimento de borda (ao menos não está nítico 
como no ponto citado), apesar de que em alguns grãos é possível identificar. Há início do 
desenvolvimento de PFs e FFs em alguns grãos. A rocha ainda apresenta fina camada de cimento 
de argilomineral associando cimento ferruginoso em maior quantidade (Fig. 1), e cimento 
silicoso entre os grão do arcabouço. Este cimento argilomineral + ferruginoso apresenta-se 
adentrando os limites dos grãos de quartzo em algumas regiões, substituindo-os. 
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SC-42b-A 
Arenito grosso, moderada a mal selecionado, com grãos de quartzo com tamanho da 
ordem de 400 μm, e menores da ordem de 100 μm, subarredondados a subangulosos, pouco a 
moderadamente fraturados, predominantemente monocristalinos, com forte extinção ondulante. 
Os grãos se tocam frequentemente em contato planar e côncavo/convexo, de maneira que há 
pouco espaço intercristalino. Em alguns grãos, a exemplo dos shatter cones observados no ponto 
SC-22b2, observa-se sobrecrescimento de borda. O arcabouço é sustentado por fina cama da de 
cimento silicoso entre os grãos, e principalmente por cimento de argilomineral + cimento 
ferruginoso. Observa-se o frequente desenvolvimento de Feather Features (FFs) nos grãos de 
quartzo, associados com Planar Fractures e PDFs. Todos os PDF’s que foram medidos desta 
seção delgada se apresentam na forma de um único set formados ao longo do plano basal (0001) 
(Figs. 1 e 2 ). Os PFs encontradas associadas com os PDF’s se desenvolveram ao longo dos 
planos {101¯1} (Fig. 1) e {102¯1} (Fig. 2). Esta seção delgada, juntamente com a seção delgada 
SC-42b-B foram as que mais aprensentaram PDFs, tanto pela qualidade da lâmina confeccionada, 
quanto pela real exibição destas feições de choque concentradas unicamente nos shatter cones de 
Serra da Cangalha. As seções delgadas SC-42b-A e SC 42b-B foram confecionadas contíguas da 
base do shatter cone, conforme ilustração abaixo:  
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SC-42b-B 
Arenito grosso, moderadamente a mal selecionado, com grãos de quartzo com tamanho da 
ordem de 400 μm, e menores da ordem de 100 μm, subarredondados a subangulosos, pouco a 
moderadamente fraturados, predominantemente monocristalinos, com forte extinção ondulante. 
Os grãos se tocam frequentemente em contato planar e côncavo/convexo, de maneira que há 
pouco espaço intercristalino. Em alguns grãos, a exemplo dos shatter cones observados no ponto 
SC-22b2, observa-se sobrecrescimento de borda. O arcabouço é sustentado por fina cama da de 
cimento silicoso entre os grãos, e principalmente por cimento de argilomineral + cimento 
ferruginoso. Observa-se o frequente desenvolvimento de Feather Features (FFs) nos grãos de 
quartzo, associados com Planar Fractures e PDFs. O PDF encontrado foi formado ao longo do 
plano basal (0001). É recorrente o desenvolvimento das FFs nitidamente concentradas ao longo 
da zona de fraturas dos shatter cones. Isto de fato leva  a pensar que há um gradiente de pressão 
dentro da rocha, no qual ao longo destas fraturas o pico de pressão é maior. Os PFs encontradas 
associadas com os PDF’s se desenvolveram ao longo dos planos {101¯1} (Figura).   
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Brechas Polimíticas 
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SC-19 
Arenito fino a médio, muito mal selecionado, com grãos do arcabouço subangulares a 
fortemente angulares (Figura) de quartzo predominantemente monocristalino, levemente a não 
fraturados, com tamanho variando entre 150 e 400 μm. Há também grãos subarredondados de 
feldspato, da ordem de 200 μm, além de fragmentos líticos de rocha muito fina (siltito) com 
dimensão da ordem de 150 μm. A rocha tem um arcabouço extremamente aberto, de forma que 
os grãos dificilmente se tocam e estão imersos em uma matriz com grão extremamente fraturados 
de quartzo monocristalino com tamanho < 100 μm, que por vezes apresentam sobrecrescimento 
sintaxial. Além disso, há cimento silicoso e ferruginoso em grandes quantidades, e a relação entre 
os dois demonstra que o cimento ferruginoso é posterior ao silicoso. O cimento silicoso mostra-se 
em muitos pontos englobando grãos maiores e pedaçoes de grãos de quartzo, como uma massa 
silicosa. Isso parece fazer alusão como que se tudo fosse antes parte integrante de uma mesmo 
grão bem maior (Foto). Há pedaços de grãos pontuais de turmalina e mica, sem expressão 
quantitativa. 
Nesta seção delgada não se observa a fragmentação de grãos in situ, de forma, que não 
podemos associar que os grãos menores, que pertencem à matriz, são resultado do fraturamento 
dos grãos maiores. Podem ter sido quebrados e fraturados pelo processo de impacto e 
redepositados, de forma que estaría-se tratanto de uma brecha alóctone. O arcabouço arberto com 
grãos mal selecionados e sem estratificação levam a entender que  a rocha foi depositada sob um 
fluxo gravitacional. É uma brecha de fato distinta das demais brechas polimíticas descritas da 
depressão central. 
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SC-22a1 
Brecha com fragmentos de quartzo > 1mm, subangulares, moderada a fortemente 
fraturados (Fig. 1), monocristalinos, com extinção ondulante forte, onde estão concentradas as 
principais feições de choque. O arcabouço ainda é formado por grãos de quartzo subangulares, 
moderadamente fraturados, com tamanho da ordem de 300-600 μm, que pouco se tocam. A rocha 
é suportada por uma matriz (ou pseudo-matriz) resultado do fraturamento dos grãos maiores, 
formada por cristais de quartzo e feldspato < 100 μm, angulosos a muito angulosos. Estes Há 
ainda muscovita sem exibição de deformação. Os grãos do  arcabouço dificilmente se tocam, e 
juntamente com a matriz há cimento ferruginoso entre os grãos. Os fragmentos líticos (> 2 mm) 
são tipicamente de siltito (grãos de quartzo submilimétricos com finas micas). 
A rocha expõe bem feições de choque, tais como PF’s com pelo menos 3 distintos sets 
(Fig. 2) e FF’s (Fig. 3) algumas vezes curvas (Fig. 4), ambos desenvolvidos unicamente nos 
pórfiros de quartz. Além disso  também há feições como Healed fractures, não muito frequentes. 
 
 
312 
SC-22a2 
Brecha com fragmentos de quartzo > 1mm, subangulares, moderada a fortemente 
fraturados, monocristalinos, com extinção ondulante forte, onde estão concentradas as principais 
feições de choque. Entre estes grãos maiores estão também feldspatos (ortoclásio) subangulosos. 
O arcabouço ainda é formado por grãos de quartzo subangulares, moderadamente fraturados, com 
tamanho da ordem de 300-600 μm, que pouco se tocam (Fig. 1). A rocha é suportada por uma 
matriz (ou pseudo-matriz) resultado do fraturamento dos grãos maiores, formada por cristais de 
quartzo e feldspato < 100 μm, angulosos a muito angulosos. Estes Há ainda muscovita sem 
exibição de deformação, e pedaçoes de rutilo ~100 μm, extremamente fraturados. Os grãos do  
arcabouço são unidos por cimento ferruginoso dispersos em praticamente toda lâmina (Fig. 2). 
Os fragmentos líticos (> 2 mm) são tipicamente de siltito (Fig. 3), laterita (Fig.4), quartzo e 
feldspato. Alguns dos fragmentos líticos mostram-se bastante substituídos por óxido de ferro.  
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SC-22b1 
Arenito médio a grosso, muito mal selecionado, com fragmentos de quartzo > 1mm, 
subangulares, moderada a fortemente fraturados (Fig. 1), monocristalinos, com extinção 
ondulante forte, onde estão concentradas as principais feições de choque. Entre estes grãos 
maiores estão também feldspatos (ortoclásio) subangulosos. O arcabouço ainda é formado por 
grãos de quartzo subangulares, moderadamente fraturados, com tamanho da ordem de 300-600 
μm, que pouco se tocam. A rocha é suportada por uma matriz (ou pseudo-matriz) resultado do 
fraturamento dos grãos maiores, formada por cristais de quartzo e feldspato < 100 μm, angulosos 
a muito angulosos. Há ainda muscovita sem exibição de deformação, e grãos de rutilo ~100 μm, 
extremamente fraturados. Os grãos do  arcabouço dificilmente se tocam, e juntamente com a 
matriz há cimento ferruginoso entre os grãos (Fig. 1). Os fragmentos líticos (> 2 mm) são 
tipicamente de siltito, xisto (apresentam grãos de muscovita extremamente orientados), laterita, 
quartzo e feldspato. Alguns dos fragmentos líticos mostram-se bastante substituídos por óxido de 
ferro. É possível observar feições de choque como FFs (Fig. 2) pouco curvos com PFs 
relativamente bem formados. 
O arcabouço mostra-se extremamente aberto e com grãos intensamente fraturados, 
mostrando desagreagação dos mesmos em alguns pontos. Os fragmentos angulosos menores 
aparentemente são resultado do fraturamento dos grãos maiores, o que nos leva a entender que 
essas brechas polimíticas do ponto SC-22 são autóctones, no entanto ainda mostra-se difícil 
associar à rocha original. 
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SC-22d1 
Arenito médio a grosso, mal selecionado, com grãos maiores formados por quartzo mono 
e policristalinos, subangulares, bastante fraturados (Fig. 1), com tamanho da ordemde 500 μm,  
além de grãos de fragmentos  líticos de siltito micáceo e siltito fino (~1 cm) mais arredondados. 
Os grãos da matriz compreendem quartzo e feldspato subarredondados, pouco ou levemente 
fraturados, e turmalina como mineral acessório.  Se tocam com contato planar, mas são 
predominantemente separados por cimento ferruginoso em  grande quantidade. Há  algumas PF’s 
nos grãos maiores de quartzo relativamente curvas e com maior extensão que o usual (Fig.3). 
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SC-22d2 
Arenito médio, mal selecionado, com grãos maiores formados por quartzo mono e 
policristalinos, subangulares, bastante fraturados, com tamanho da ordem de 500 μm ,  além de 
grãos de fragmentos  líticos de siltito micáceo e siltito fino (~1 cm) mais arredondados. Nesta 
seção delgada há maior quantidade dos pórfiros angulosos a subangulosos, que na seção delgada 
da amostra SC-22d1, e estes exibem com mais frequência PFs e FFs (Figs. 1 e 2). Os grãos da 
matriz compreendem quartzo e feldspato subarredondados, pouco ou levemente fraturados, e 
turmalina como mineral acessório.  Se tocam com contato planar, mas são predominantemente 
separados por cimento ferruginoso em  grande quantidade. Há muscovita que por vezes se 
apresenta deformada com Kink bands (Fig. 3). 
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SC-22e1 
Arenito grosso, muito mal selecionado, com grãos maiores formados por quartzo mono e 
policristalinos, subangulares, extremamente fraturados, com tamanho da ordemde 500 μm (Fig. 
1),  além de grãos de fragmentos  líticos de siltito micáceo (ou mesmo xisto, pois de fato parece 
apresentar certo grau de orientação dos grãos de muscovita) e siltito fino (1-3 cm) mais 
arredondados. Nesta seção delgada há maior os fragmentos líticos são maiores, se comparados 
com as seções delgadas anteriores. Além disso há grãos de quartzo maiores que os supracitados, 
com tamanho da ordem de 1- 2cm, que apresentam frequentes PFs e FFs (Fig. 2). Os grãos da 
matriz compreendem quartzo e feldspato subarredondados, pouco ou levemente fraturados, e 
turmalina como mineral acessório.  Se tocam com contato planar, mas são predominantemente 
separados por cimento ferruginoso em  grande quantidade. Os grãos centimétricos de quartzo 
estão bastante fraturados e estas fraturas são frequentemente preenchidas pelo óxido de ferro. Há 
poucos cristais de muscovita não deformados, com tamanho da ordem de 100 μm. Esta brecha 
polimítica apresenta grãos estão extremamente fraturados, de maneira que não há mais nada que 
remeta à rocha original. 
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SC-22e2 
Arenito grosso, muito mal selecionado, com grãos maiores formados por quartzo mono e 
policristalinos, subangulares, bastante fraturados, com tamanho da ordemde 500 μm (Fig 1),  
além de grãos de fragmentos  líticos de siltito micáceo (ou mesmo xisto, pois de fato parece 
apresentar certo grau de orientação dos grãos de muscovita) e siltito fino (1-3 cm) mais 
arredondados (Fig. 2). Nesta seção delgada há maior os fragmentos líticos são maiores, se 
comparados com as seções delgadas anteriores. Além disso há grãos de quartzo maiores que os 
supracitados, com tamanho <1 cm e >500 μm, que apresentam frequentes PFs. Os grãos da 
matriz compreendem quartzo e feldspato subarredondados, pouco ou levemente fraturados, e 
turmalina como mineral acessório. Os grãos do arcabouço se tocam com contato planar, mas são 
predominantemente separados por cimento ferruginoso em  grande quantidade. 
Esta brecha polimítica não apresenta característica distintiva de nenhuma das formações 
ocorrentes dentro da estrutura de Serrra da Cangalha. O arcabouço mostra-se bem aberto 
aparentando ter sido redepositada provavelmente pelo processo de crateramento (brecha 
alóctone). O cimento ferruginoso é o último elemento, formado após a sedimentação primária da 
rocha. Em contradição ao arcabouço aberto, encontra-se grãos extremamente fraturados, e que 
iniciam o processo de desagregação, o que induziria a caracterizá-la como uma brecha autóctone. 
 
319 
SC-22f 
Brecha com cristais > 1mm de quartzo imersos em matriz de quartzo (>95%),  feldspato 
(<5%) de 1 cm e muscovita como mineral acessório. Os grãos maiores são subangulares a 
angulares, intensamente fraturados (Fig. 1). O arcabouço da  rocha é extremamente aberto e os 
grãos pouco se tocam. Quando ocorre contato é tipicamente planar. Há também cimento silicoso 
e ferruginoso entre os grãos da mariz e grão localizado de dimensão centimétrica, além de 
fragmentos líticos > 2mm de xisto. Há FF’s incipientes desenvolvidas ao longo dos planos das 
PF’s (Fig. 2). 
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SC-23c 
Arenito médio a grosso, muito mal selecionado, com fragmentos líticos angulares de 
siltito fino com tamanho da ordem de 2- 5 cm,  arenito e silexito não fraturados, muito 
comumente quase que inteiramente substituídos por óxido de ferro. O segundo grupo de grãos 
varia entre 250 e 600 μm, e é constituído em sua maioria por quartzo com forte extinção 
ondulante, e feldspato (ortoclásio) em menor quantidade, subangulosos, moderada a fortemente 
fraturados. Os grãos do arcabouço pouco se tocam e são sustentados por matriz composta por 
grãos  quartzo muito angulosos, com dimensão < 50 μm, que se encontram junto com cimento 
silicoso e grande quantidade de cimento ferruginoso que substituui em grande parte o cimento 
silicoso (Fig. 1). A amostra trata-se de uma brecha polimítica, e a exemplo da brecha do ponto 
SC-19, é uma brecha alóctone, onde há grande variedade de fragmentos líticos (Fig. 2) e os grãos 
estão pouco fraturados, de forma que não se observa o fraturamento in situ, como nas demais 
brechas da depressão central do ponto SC-22. 
Em algumas regiões onde o tamanho dos grãos é menor observa-se aparente textura de 
fluxo com concentração de micas deformadas e orientadas ao longo dos planos.  Diversos grãos 
de quartzo apresentam o desenvolvimento de Fraturas Planares (PFs) incipientes, e alguns 
mostram o incipiente desenvolvimento de Feather Features (FFs) ao longo destes planos (Figs.3 
e 4). Essas FFs fazem ângulo reto com os planos das PFs, e a rocha parece ter sido submetida a 
uma pressão de choque mais baixa, se comparada às brechas encontradas na depressão central e 
aos shatter cones.  
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SC-117  
Arenito médio a grosso, mal selecionado, com grãos de quartzo maiores subarredondados, 
pouco fraturados, com tomanho da ordem de 50 μm (Figura).  A  rocha mostra-se bem 
deformada, de forma que os grãos do arcabouço nao se tocam, mas estão imersos numa massa de 
cimento ferruginoso, grãos de quartzo subangulares e alongados < 50 μm, além de grãos de mica 
mostrando forte orientação. Há como que grandes áreas centimétricas mostrando contorno de 
grão já substituído por óxido e micas. 
323 
SC-119 
Arenito fino a médio, muito mal selecionado, com grãos maiores do arcabouço de quartzo 
monocristalino, subarredondados a angulosos (Fig. 1), com tamanho variando entre 500  μm  e 
2,0 mm, juntamente com fragmentos líticos de rocha fina (xisto- com grão μm  de quartzo 
alongado e msucovitas orientadas). Há ainda um fragmento lítico de xisto extremamente dobrado, 
com dimensão da ordem de 3,5 cm (Fig. 2). Alguns dos grãos maiores de quartzo apresentam 
Planar Fractures com incipientes Feather Features relativamente incipientes (Figs. 3 e 4). A 
rocha é suportada por fragmentos de quartzo subarredondados a extremamente angulosos 
(pseudo-matriz resultado da fragmentação dos grãos maiores, moderada a fortemente fraturados 
imersos em enorme quantidade de cimento ferruginoso (Fig. 1), de forma que os grãos do 
arcabouço raramente se tocam. Grãos pontuais de mica  não deformadados, da ordem de 100 μm, 
se encontram dispersos pela lâmina em muito baixa quantidade, como mineral acessório. Grande 
parte das fraturas foram produzidas na confecção da lâmina.  
Esta é uma brecha com grãos bastante fraturados e com arcabouço bem aberto, na qual 
observa-se grãos menores angulosos provavelmente resultantes do fraturamento dos grãos 
maiores, já que se observa poucos grãos com início de deslocamento e desagregação ao longo das 
fraturas (Fig.2). Apesar desta observação não ser muito nítida, entende-se que esta brecha se 
enquadre no mesmo conjunto das brechas polimíticas autóctones do ponto SC-22 da depressão 
central. 
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APÊNDICE 2 
Mapa Geológico 
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APÊNDICE 3 
Mapa com localização das seções delgadas 
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